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ABSTRACT 

This course in electrical power and illumination 
systems Is°cne erf 16 courses in the Energy Technology Series 
developed for an Energy Conservatioi*-Nand-Ose Technology curriculum. 
Intended for 'use* in two-year •postsecondary technical institutions to 
prepare technicians for employment r tKe courses are a*lsc useful in 
industry for updating' employees xronpanysponsored training 
programs.." Comprised of .eight modules, the course is. designed to. 
preside the student with a practical knowledge of electrical power r 
distribution systems, and illumination systems^ Tl^e students practice 
electrical measurement wiring methods, illumination measurement, and 
circuit control and"" are provided with an overview of the parts of the 
electrical distribution system, Written by a technical expert and 
approved by industry representatives, each module contains the 
following elements: introduction, prerequisites, objectives, subject 
matter, .exercises, laboratory materials, laboratory procedures 
(experiment section , for hands-on portion), datV tables (included in 
-most basic courses to help students learn to collect or prganize 
data), references, -and glossary* Module titles are Efficiencies^ of 
Electrical Power Distribution Systems, Electrical Power Transmission 
and Distribution, industrial Electrical Distribution r Besidential 
Electrical Distribution,, Electrical Energy Management,, Fundamentals 
of Illumination, Light Sources, and* Efficiency in Illumination 
Systems* (TLB) 
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ABOUT ENEftCY TECHNOLOGY MODULES 

The modules wepe developed by TERC-SW for use in two-year postsecondary technical 
institutions to prepare technicians for employment and are useful in industry for up- 
dating employees in company-sponsored training programs. The principles, techniques, 
and skills taught in the modules, based on tasks that energy technicians perform, were 
obtained from a nationwide advisory committee of employers of energy technicians.. Each 
modyle was written by a technican expert and approved by representatives from industry. 
» 

A module contains the following- elements : 4 , 

Introduction , which identifies, the topic and of ten 1 includes a rationale for 
stufiy.in-g .the materia^. 

Prerequisites, which identify the material* a student should ioe familiar with 
— ' . t 

before studying the module. ^ 

> 

Objectives , which- clearly identify what t>he student is expected to know for 
satisfactory module completion. The objectives, stated in terms qf action- 
urienteu behaviors, yiclude such action words as\)pe rate , measure., calculate, 
identify, and define, rather than wor.ds with many interpretations, such as 
know, understand, learn, and appreciate. r 

Subject Matter, which presents the background theory and techniques supportive 

— * : ~ * y 

to t he ^ob j ect ives of the module. Subject matter is written with">the technical 
? student in mind. 

Exercises , which provide practical problems to which the student can apply this 
new knowledge. • 

LaboVatpry Materials , which identify the equipment required to complete the 
laboratory procedure. 

<- 

Laboratory Procedures , which is the experiment section, or "hands-on" portion, 
of the module (including ste^-by-step instruction) designed to reinforce student 
e learning. * . +~ 

Data Tables , which are included in most modules for the first year (or ba.sic) 
courses to help the student learn how to collect and organize data. 

References , which are included as suggestions for supplementary reading/ 
viewdng for the student.. 

Test, which measures the student's achievement of prestated objectives-. 
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'.INTRODUCTION TO ELECTRICAL POWER AND > 
ILLUMINATION SYSTEMS 

\ • 

Most technicians are not required to be electrical 
power specialists. However, many technicians must know * 
about electrical power as it relates to energy efficiency. 

This relationship includes areas such as energy- coaserva 
tion, energy efficiency, basic sy'stem operation, function 
of .components, basi,c wiring skills, codes, s'afeHfy, power' 
management, and utility rate schedules. 

Technicians must also knoTr r the principles of illumina- 
tion, light sources, kinds of lighting Systems and controls, 
how to efficiently use lighting, how to make and implement 
light and power budgets, what efficient residential wiring 
^is — and how to do' basic calculations on all the above. 

Electrical Power and Illumination Systems accomplishes- - 
these objectives. In addition, students also practice elec- 
trical jpeasurement , wiring methods, illumination measurement, 
circuit contrcfl — and are provided with an overview of the 
parts-of the electrical distribution system. 

Module PI-01, "Efficiencies of Electrical Power Dis- 
tribution Systems," describes basic characteristics of re- 
active a,c, circuits, calculation of power factor and voltage 
drop on power lines, and correct ive- measure's common ■ in- 
dustry. PI-01 also gives a brief overview of power distri- 
bution systems. 

Module PI -02, "Electrical Power Transmission and Dis- 
tribution, n describes transmission and distribution systems 
with particular emphasis on efficiency and control in those^ 
systems, * The second module 4 al so familiarizes the student/ 
with large equipment and* circuit, component s*. 



Module PI-03, "Industr ial Electrical Distribution/' 
•discusses industrial power system layout, safety, controls, 
circuit protection, reliability, and energy efficiency as 
it relates -to the industrial sector. 

Module Pl-04, r! Resident ial Electrical Distribution/ 1 
surveys the characteristics of safe wiring systems based 
on the National Electrical Code, The fourth module also 
. includes information about wiring practices, components, 
factors influencing wiring safety, and factors influencing 
wiring efficiency. 

Module PI-05, "Electrical Energy Management, 11 incorporates 
information from previous modules, explains the hows and 
"whys of utility rates, and details how to reduce the monthly 
utility bill. The -fifth module also explains how to reduce' 
electrical energy use and how to purchase power at a dis- 
count* , - 

Module PI -06 ^."Fundamentals of .Illumination, " provides 
the student with the basic principles of illumination, in- 
cluding topics such as the*spectrum, inverse square law, 
reflection, light measurement, required light levels, and 
quality of illumination. 

Module PI-07, "Light Sources," discusses the character- 
istics of light sources and how light sources may be applied. 
The efficiency, rated lifetime-, light depreciation with 
aging, and spectral characteristics of all common light 
sources are also described in the sev.entft modul-e, - 

• Module PI - 08 ^ "Efficiency in Illumination Systems," 
addresses the efficient u-se of lighting in residential, 
commerical, and industrial applications. In addition, the 
eighth module explains efficient lighting design and mainten- 
ance ,o'f illumination'*systems, anS provides tips on saving 
energy* and ; completing a cost analysis of lighting systems. 



The purpose of Electrical Power and Illumination Systems 
is to acquaint the student with— the major areas of the field, 
not make the student an expert^in .any particular area. The 
student should emerge from the course a more diversified 
technician with the ability to converse intelligently with 
specialists in each related area.' 
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INTRODUCTION 



r ■ 



Electrical efiergy i*s popular for a wide range of appli- 
cations. This is because of the easre with which it qan • 
be converted to other forms of energy (such as heat,, light, t 
or motio'n) and bedause <*f the ease of distribution of elec- 
tricd-1 energy. 

• In generating plants, mechanical energy. is converted 
to electrical energy by large alternators. The prime mover ^ 
of the 'alternator may be a water turbine,' a windmill or 
a steam turbine. Boilers for steam plants ar.e. most often- 
fired with fossil fuels, but .nuclear reactors' and geothermaT- 
sources are' also use$. 

No matter wha.t original energy source is used, the 
output energy is alternating current electrical energy that 
can be transmitted; over large .distances for remote applied- 
tions. * \ ( 

The efficient use of electrical energy requires a sophis- 
ticated distribution system that can v deliver power to the 
point of use with minimum losses- This module j "Efficiency 
of Electrical Power Distribution System^ , M .discusses factors 
'affecting the efficiency of -electrical distribution systems, 
as well as methods used -to reduce ^power losses? A Tevi&lv 
of a,c. circuit analysis is included; example preb-Iems illu- 
strate methods o£ improving system efficiency by correcting 
the power factor. 

In the laboratory, the student will construct simple 
a. c . -circuits and determine power factors and efficiencies. 
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• ^ PREREQUISITES 

■ ?. 1 7—^ 

.The student shguid have. mastered, basic physics and 
, « d.c. and a.c*. circuit analysis, ' The student should have 
\j also taken, or.be taking, Electromechanical D-evice-s. 
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OBJECTIVES 



Upon completion. o£ this module / the student should "be ■* 
able tb: 

1* ' Describe a typical electrical power distribution, system,' 

^ including the voltages present in e?ach section of the 

' c system. - - . ; , 

2. Explain the loss o£ an electrical power- system anci ^ 

the reasons- for voltage drop -at 'Wgh loads . 

Given 'the* frequency p.f an'a.c. circuit and the values 

of capacitance and ^ncluctance in the circuit, determine 

t'he.values of inductive reactance and capacitive reac- 

tance . • * \\ 

4. , Given* the values for r'eslsrance, inductile reactance, 

. capacrtive reactante, frequency and voltage in^a series 

. or parallel a,c\ circuit, determine the current and 

• voltage of each component. f * 

% 5.. Explain the .following terms: « 

a> Pbwer factor ' / ' . - 

b. Apparent -power « ^ 

% 1 > 'True* power • 

■» * • 

d'. " ""Reactive power ' / 

6. -Given three of t h ^ f n ] 1 oki^g' 1 + i*<z f or a single^ 

phase or three-phase a^c. cilS^uit , ddtjjimine the - fodrth: 
a. True power* . \ ' 

r b. Power factor > \ 
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c. Current 

d. Voltage . ... 

7. Given the current, ^voltage, and power factor of an 
a.c,. circuit and the\ resistance of the power delivery- 
lines , determine the^f ollowing : • * . * 

a. * Shunt capacitance\for a power factor 1,0 

b. Voltage drop j.n' lines without power factor cor,-' 
rect ion \ ., \ 

c. , Voltage drop in lines \ with power factor correction 

8. 'Given the current, voltage, and power factor of an ^ = 

a.c. circuit and the resistance ' of the power. delivery 
lines , ^determine the following: , 
a." Series capacitance for power factor of 1.0 
b\ Voltage delivered to the, RL\ load 
1 c. Voltage drop in the power liftes 
% 9. • Construct RL circuits in" the laboratory and correct 

the r power factor to 1.0 using both series and parallel 
capacitors . , 
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SUBJECT MATTER 



A*C. POWER SYSTEMS 



* An a.c, power .system consists, of a generating station 
Where mechanical energy *is transformed • into electrical energy 
by a large alternator, a distribution system, that supples 
the electrical energy to the point of application, ana de- 
vices that convert electrical energy to other forms for 
| application. , . . _ 

Efficient use of electrical energy depends uftpn effi- 
cient energy^conyertors * (alternators , motors, light sources) 
and a l6w loss ^distribution system. Alternators and motors 
are 'discussed' in detail in Electromechanical Devices . Alte- 
nator and motor characteristics considered in this cours'e. 
include only electrical lciad characteristics. 

.The first four modules of this course discuss the com- 
ponents and efficiencies 'of electrical power distribution 
systems. The fjfth module is concerned vfith management 
of electrical loads for increased efficiency and reduced 
energy costs. The last three modules discuss light sources 
and the efficient use of lighting. 

This module-deals with the characteristics of a.c. 
electrical circuits th^t affect power loss (and, thus, the 
efficiency of the ^circuit) , as well as basic ^t^phnij/ues used 
to minimize loss • - 

. * \ , ' .- - - _ ' * 

TRANSMISSION AND DISTRIBUTION OF ELECTRICAL POWER \ 

V. ' ' ' ■ . 

^ Figu-re 1 shows an electrical . power distribution sy^ 
and the customers it serves. Power is generatt 
power house -at-^a voltage of 20 ,000 volts. Syep-u^ tranSN 



VOLTAGEL INCREASES 
TO 138.000 VOLTS 



20.000 VOLTS | 
GENERATED 



NETWORK 
VAULT 




POWER HOUSE 



138.000 VOLT TRANSMISSION 



TRANSMISSION 
SUBSTATION 




SUBSTATION FROM 
TRANSMISSION UNE 



^pUSTWAL FIRST VOLTAGE REDUCTION 
CUSTOMER M.000 VOLTS 



13.800 VOLT? DISTRIBUTION 89.00 0 j/OLT| JLOW-VO LTAQE 



™V mou 1 ^TRANSMISSION 7 • \ \ 



SECOND VOLTAGE REDUCTION POgER RENTER SUBSTATION 

DISTRIBUTION SCJBSTATtON PLANT transmisIion 

COMMERCIAL 

2f?o^£^ TR,A Sa aoo VOLTS ^ DISTRIBUTION 
CUSXOMER J^pB^^f " • TRANSFORMER . j "> 

/ 120/ 240 
VOLTS 





RESIDENTIAL 
CUSTOMER 



SUBWAY VAULT 



Figute 1. -Electrical Service From the 
1 Generator ,to the Customer. 
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formers raise this voltage to 138*, 0Q0 * volts for' 'transmission 
to' distribution points, '# $ 

Circuit pb\ier is the product o£ circuit' current arid 
voltage. Power loss* — due to the resistance of the' wires 
carrying the current - increases with the square of the 
current'. Thus, lossses may be reduced by transmitting the* 
pame powe>/f at a- higher voltage airf*loweri current . Some long 
transmission systems have" voltages o'f 220,000*7 and '330 ,000 V, 
Transformers are used to increase or decrease voltage through- 
out the* system as needed, K ' -> 

Some large ^industrial customers may' receive power di- ^ 
rectly from the transmission Tines thraugh ^their own sub- 
stations. In most cases,- a transmission substation* keeps 
the voltage down to 69,000 V for distribution to 'local load' 
areas. ,*-Many industrial customers ar<£ serv,ed by individual 
substations fronv low-voltage transmission lines .~ Distribu- 
tion substations reduce the voltage further to 13,800 V 
for local distribution. These distribution lines serve 
smaller industrial and commercial customers and residential 
customers. Distribution transformers reduce the voltage 
to either 120 or 240 volts for smaller customers. 

^The term "tra'nsmiss iori"* is applied to those sections 
of the* system that operate above 13,80$ V. Distribution 
'sections of the. system operate at 13,800 V or bellow. Most 
industrial distribution systems (in plant) have voltages 
between 600 ?nd 13,800 V. Commercial and residential dis- 
tribution is at 120 and 24,0 V. . 
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ENERGY LOSSES IN ELECTRICAL POWER SYSTEMS " " 

* 

Sources of loss in the distribution system include 
the resistance of the wires and switch contacts, hysteresi 
(magnetic) losses in transformers, and some radiated power. 
Even .when components are designed for most efficient opera- 
tion, some losses occur^ since loss is dependent upon the 
system's current. Lower current produces' less loss and 
higher efficiencies. In all cases, it is best to deliver^ 
necessary power at the lowest current — and, thus, the high- 
est voltage.- that is practical. 

Transformers*, electric motors, and transmission lines 
all have some inductance. Unless corrective measttr^s are 
taken, the distribution ^system behaves* as a series RlXcir- 
cuit, with the current wave' lagging behind the voltage ^^ve , 
Greater amounts of lag require larger currents to supply \ 
the same power at the load, resulting in^ larger losses. 
The amount of lag is indicated £y the- power factor described 
later in this module. Capacitors are used to correct the 
power factof by bringing current and voltage batk interphase 
1 

VOLTAGE CONTROL IN S ELECTRICAL POWER. SYSTEMS 

Voltage delivered to the customer varies with the load. 
When little current flows, voltage drop along the trans- 
mission 'lines is small; the customer receives almost the 
full rated voltage of the system. When current is hi^h, 

4 

the voltage drop along the lines is greater; the customer 
experiences .a vo^rfage^drop , Since electrically-operated 
device's are^designed to be most efficient' at their rated 

voltage, vol-tage drop reduces the efficiency of the customer 

\ — * 

installation, , 9 

> 
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,~ One method o£ regulating voltage delivered to the .cus- 
tomer is the use o£ voltage regulator transformers. These 
transformers have output taps that provide a range of volt- 
ages, Whefi current increase reduces the output voltage, 
voltage regulator transformers automatically change to a 
.higher voltage tap to compensate. Another method that may 
be used at the end of long transmission -lines is to install % 
a series capacitor to correct the power factor and bo.ost 
delivered Voltage, 

The remainder of this module discusses the power factor, 
of an a.c. pow^T" system and the use of capacitors Vo increase 
efficiency and reduce voltage drop. 



REVIEW OF A.C. CIRCUIT ANALYSIS 

The current flow through an a.c. circuit tfith a constant 
voltage is dependent upon the impedance of tfie circuit as 
given by Equation 1; » 



p 

I=| Equation 1 



where: 

= Current, in amperes (A) 
E = Voltage, in volts (root-mean-square., [rms]) 
Z = Impedance, in ohms (ft) 

The impedance of an a.c, circuit is composed of three ele-^- 
ments: resistance, inductive reactance, and capacitive < 
reactance . 
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A.C. CIRCUIT ELEMENTS , 

Figure 2a sho^rs an a.c. circuit with a purely resistive 
load. The yoltage and current are in phase, as shown in 
Figur| 2b\ Figure 2c is a vector diagram showing the cur- 
rent arid, vol.t age of this circuit. Resistance heaters and 




a. Circuit Schematic 



't>. Voltage arid Current In Phase* 



T 



90% LAGGING 



I E 
J J 



90% LEADING 



c, vector Diagram 



, , Figure 2, Resistance in art A.C. Circuit, 



incandescent lights are purely resistive loads. The imped- 
ance of a . resistive circuit is equal to the resistance. 
Equation 1 may be used to relate voltage, impedance, and 
current - as illustrated in Example A. 



/ % 



is 
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EXAMPfcE A: CURRENT IN A RESISTIVE CIRCUIT.. 



Given:- 

Find : 
Solution: 



In Figure 2, the ^app lied voltage is 115 V and 
the resistance is 10Q. 

Current v 



I = f (Z = R) 



_ 115 V r 
10Q \ 

= 11.5 A, 



\ 



' In an inductor (Figure 3) the current lags behind 
the voltage by 90°. Inductance is associated with the storage 



& 



X L =2-rrf t 
a. Circuit Schematic 



VOLTAGE 




^- CURRENT 



TIME 



b. Current Lags Voltage By 90% 



90% LAGGING 



0% 



90% LEADING 



q. Victor Diagram 



"V 

Figure 3- Inductance in an A.C. Circuit, 



?evj 



of energy' in magnetic fields • All aevicgk e'mploying magnetic 
fields have some inductance. " The impedance of an inductor 
is called the inductive reactance and is given by^Equation 2. 



PI-01/Page 11 



1 (1 



X L = 2tt£L 



Equation^ 2 



where: 
i 

X T . = Inductive reactance 
L 

£ = Frequency of a.c. wave 
L = Inductance, in henrys 

Example B -shows the use* of« Equations 1 and 2^in determining 
the current in ,an inductive circuifT > V 





EXAMPLE B: CURRENT IN AN INDUCTIVE 


CIRCUIT . 


Given : 


In Figure 3, the applied voltage 


is 120 V, 




6-0 Hz, and the inductance is 0^5 


H (henry) . ' 


Find : 


Current* 




Solut ion 


: X L = 27rftf 


* 




= 2tt(60) (0-5) 


\ 




X L = 18.8.5ft 


r 




■.'I -§ CZ ■ x L ) • f 

120 V. 
188.5ft 

I ■ 0*6'37 A. 


( 

t 

> - 






* 



There are* no purely inductive circuits in practical 
applications. " However, many common circuits contain a com- 
* bihation of inductance and resistance. These will be dis- 
. .cussed later in this module. 
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Figure 4 shows a capacitive a.c. circuit in which the 
current leads the voltage" by 90^ The v impe'dance o£ a capac- 
itor is given by Equation 3.". , ' 



6> 



a. Circuit Schematic 




TIME 



b. Current A*eads Voltage By 90* 



90% LAGGING 



90 # LEADING 



c. /Vector Diagram 



''Figure 4. Capacitance in an A.C / Circuit . 
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Equation 3 



wher"e : ; 

X c = Capacltiye reactance 

• £ = , Frequency v - , * 

C = Capacitance, in farads* 

Example C 'illustrates the use-of Equations V and 3 to deter- 
miAe the current in a ca^acitive circuit* , * 



t 
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EXAMPLE C: CURRENT FN A CAPACITIVE CIRCUIT. - 



Given 



Find: 
Solution : 



Irt Figure 4, the applied ^voltage is 110 V, 
60 Hz, ani~ the., capacitance is 500 yf (micro- 
farads) v " * i • ' 
Current. » ' ^ * 



A C liTE. 



**. * 



1 



2ir (60H500 x 10'6) /• 



1 



X C = 
I - 



0.1885 

5. 3fi . 



•_ 110 v - 
5.3fi / ■ 

I = ,20.7 A. > 



1 



/ 



There are few capacitive^load-s*,' but capacitors* age* 
routinely 'added to circuits' to offset* the effects of induc- 
tive loads. Although increasing the resistance^ or inductance 
of a circuit decreases current", increasing the' 4 capacitance * 
increases current. , * * , * ' , "X 



SERIES CIRCUITS 



Figure 



5a is the circuit schematic o£ a series circuit 
con taining a | resistor, inductor, an d a capacitor. Since . . 
the same current flows through all three components, all - 
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currents .must -be in phase . Figure 5b is a vector, diagram 
of- this circuit. The total circuit impedance is given by 
Equation 4 . ^ 



± c 



0 




a. Circuit Schematic 




-<x L -x c > 



b. Vector Dlagraiy- of 
K Impedance / 




<E L -E C ) 



c. Vector Diagram of 
Voltages 



Figure 5. Series .RLC Circuit. 



z =-\A 2 + ( x t ■ v 



Equation 4 



Figure 5c is a vector diagram of voltages in jthe cir- 
cuit., Voltages A on the inductor -and* the capacitor " are 180° 

<**out 'of phase wit.h one another.- If jlnductive reactance and 
capacitive reactance are equal, 'the two voltages cancel 
one another; the-'volta'ge *and , current- of the source are in • 
phase with the total voltage applied to 'the resistor.' If 
inductive reactance and capacitive- reactance are not equal, 

"the phase aiiglfc between the current and <voltage is given 
by Equation 5. , * 
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cds e = \ = 



Equation 5 



The relationships between the voltages in the circuit are 
given" by Equation 6. 



*"\^ E T =\/e r 2 + (E L - ^ c ) 2 ^ Equation .6 



Example D illustrates the use of Equations 4 and 5 
to solve for 'the current and voltages of a series RL cir- 
cuit • > 





EXAMPLE D: -SERIES RL CIR'CUIT. * ' 




Given : 




series RL circuit has the following values: 
' E = 120 V 

r * ion 






Find:" 


3. 


L, ■ 

Circuit* current 




1 




b. 
c • 


Phase angle 

'Voltage on each component 
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Example D. Continued. 



SoliiMon: a 



Z = V r2 ' + ' x ii (Equation 4) 
= V(10) 2> T(4) T ~ 

• = Vn6 • " 
.z'»*io.77n 



i = i 
z a 

• 120 V 
10.77ft 



(Equation 1) 



I = 11.14 A. 
COS 9 



R 
Z 



ion 



10.77ft 
COS 9^ 0.9285 * 

' 9 - COS" 1 (0.9285) 
& = 21.8°. 
Current lags the voltage by 21.8°. 

Voltage on each component may .be deter- u 
.mined .using Equation 1: 



Resistor 
E R V IR 



Inductor 
IX, 



L A "L • • 
* '= (11.14 A) (4ft) = '(li.14 A) (4ft) 

» 

E R "= 111.4 V. ' E L = 44.56 V. 

_ ■ — jy* 
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Example Q. Contii 



The problem, may be checked by usin'g Equation 5 



for voltages. 



/ 



COS .6 



(Equation 5) 



111. -4 V 

*E,p = 120' V. Problem checks. 

Equation 6 may also be used to check the 
problem. ' * - 

E T =-^/E R 2 + (E L - E c ) 2 (Equation 6) 



' = "/(HI. 4) 2 + (44.5,6) 2 

= yi4,396 
£ T = 120 V. Problem checks 



w 



PARALLEL CIRCUIT 



Figure 6a is the schematic diagram of a\par£llel RLC 
circuit. In this circuit, the same voltage is' applied to 
all components.. Voltages for all aye in phase. Currents 
are out of phase, as shown in Figure 6b. If induc/tiye, reac- 
tance and capacitive reactance are, equal, c^urr&nts \^re of „ 
equal magnitude. Since inductive reactance anfcl\ capstcit i've 
reactance are 180° out of phase, they cancel eacn other, 
and the source current is that required by the" resistor. .< 
only.. -\ m ' ► ' - 



.♦jr. 



- > 
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Figured Parallel RLC Circuit. J . 

T'Ae r/lationships between the currents o£ tjhe parallel 
circuit-are -giveifT>y Equation 7. r < , 



I T = V ! R 2 + * CI L ! C )2 Equation 7' 



Example E illustrates trie use of Equation 7 in deter- 
mining the current of a parallel RLC circuit. ^« 



i 
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EXAMPLE E: PARALLEL RLC CIRCUIT. 



fii 



iven : 



/ 



Find 



Solution : 



A parallel RLC circuit has the following values: 

^ E_ = 120 V 

• 1 . T 

R = 5ft 

L > 

, % X r = 150 

a. Current through each component , • 

b. Total current ' ^ 

c. Circuit impedance J 

a. The current through each component is deter- 
mined using Equation 1. 



i, 



R 



E 
R 

120 V 
SQ 

24 A. 



I, 



E 

K 

120 V 

2 0J2 

6 A. 



I, 



E 

120 V 
158 ' 



I c = 8 A. 



b. 'i t =V1r 2 + 



"\/580 
24.08 A. 



♦ (6 - 8) 



r 



c. 



Find total impedance using Equation 1 



120 V 
24.08 A 

4.98- 8. 



• . 2s 

Page 20/PI-01 

* ' ♦ • ' 

eric , . 



POWER/FACTOR AND SYSTEM EFFICIENCY 

The pawer £act6r is the ratio of the average (or active) 
powei^to^.the apparent^pbwer (root-mean-s'quare voltage* times 
K>t-mean-square current) of an alternating-current circuit. 



POWER IN A.C. CIRCUITS 



• Power in a circuit is the product of current and voltage. 
Figure 7 shows the voltage, current, and powe^r of a pure 
resistive a.c. circuit as functions of time/ Since the 
current and voltage are in phase, power is always positive. 
The area under the power curve represents the energy trans- 
ferred to the resistor, 

^- 



ENERGY INTO RESISTOR 




Figure 7. Power in a Resistive Circuit, 



Figure* 8 & is a similar diagram for a pure inductive 
cir'cuit. When current and voltage are both positive or 
both negative, power is positive and energy flows into the 
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inductor, establishing a magnetic field. When one of these 
quantities is |tositive and the other is negative, energy 
flows from the inductor, back into the power lines, decreas- 
ing the magnetic field. Although current is flowing through 
# the inductor, no net power is transferred to the inductor. 
The same is true o£ pure capacitive circuits. 




ENERGY INTO INDUCTOR 



POWER 

ENERGY OUT OF 
INDUCTOR 



Figure 8. Pqwer in an Inductive Circuit, 



" Most a.t.. circuits include both resistance and induc- 
tance in series/ Both electric motors and fluorescent light 
behave electrically as series RL circuits. Figure 9 shows^ 
the voltage / current, and pbwer in such a circuit, * The 
true power ifl the circuit is the p^wer of the resistor. 
The power resulting from the energy flow into and out pT 
the inductor is called reactive jpoWr and accomplishes no 
work. This power increases current flow through the con- 



ductors of the system and, thu^ increases losses and voltage 



drop. 
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1 % V. 



Figure 9, Power in a Series RL Circuit, 

POWER FACTOR • 

The apparent power of a circuit is the product of £he 
circuit voltage and amperage, Figure'lO shows the relation- 
ship between apparent power true' power , and reactive power. 



/ 



t r 










REACTIVE* 
POWER 
(VARS) 


^— 1 


„^ lt , n eA ; T _ TRUE POWER - rt ^ 

POWER FACTOR* r- * COS 9* 

APPARENT POWER 






TRUE POWER 




* 






* 



Figure 10, Power Factor, 
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The an'g^le 0 is the phase angle , between the current and yolt- 
age iiv the circuit. The powey factor is defined as the 
ratio of true power to apparent power and is equal to the 
cosine of the phase angle. If the voltage, current, and 
power factor of a circuit are known, the true power may 
be calculated using Equation 8, 



TP = E x I x PF 



\ Equation 8 



where : 

t£ = True power 
PF - Power factor 

Example F illustrates the use of Equation 8 to deter- 
mine .true pow§r. 



EXAMPLE F: 



POWER OF A MOTOR. 



Given: <A 5-hp electric motor operates at 220 V with • 

a current of 19.3 A and a power factor of 6,09, 
The wires. carrying current to the motor have 
a total resistance of 0.5ft. 

Find : a. Apparent power 

b. True power of motor 

c. Voltage drop in power lines 

d. Loss in power lines 
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Example F. Continued. 



Solution: 



d. 



Apparent power 



True "power 



AP = EI 

= (220 V) (19.3 A) 
AP = 4,246 VA. • 
TP- = EI (PF) 

= (220, V) (19.3 A) (0.9) 
TP - 3„821.4 W. 



Volta'ge drop in lines ... 
E. = IR 

= (19.3 A) (0.5ft) 
E = 9.65 V. 

There will be a voltage drop of 9.65 V in 
the power line. To "deliver 220 V at the 
motor, Che source must have a voltage of 
approximately 230 V. 
Loss in 1 ines . . . 
P = I 2 R 

• - (19.3 A) 2 (0.5) 
P = 186.2 W. 



r 



IMPROVING P0WE.R FACTOR WITH SHUNT CAPACITORS 
/ 

A power factor of 1.0 is the most efficient for a^n 
a. c. 'power distribution [system because it produces the mini- 
mum line current. Figure, 11 showls the most common method 
of correct ing .the power factor of an a.c. circuit. A shunt 
capacitor is added just before the RL load, as shown in 
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Figure ll. Power Factor Correction 
by a Shunt Capacitor, 



Figure 11. This will not greatly change the current through 
the^load, but will reduce the current through tfhe distribu- 
tion lines aird the resulting voltage drop. Example G illu- 
strates- correction of power factor using a shunt capacitor 
to provide reactive power^ to offset that of the inductor. 



Fin 



EXAMPLE G: CORRECTION OF POWER FACTOR 
WITH A SHUNT CAPACITOR, . 



Give.n: > , The load in Figure 11 is the motor, of Example F 
with an operating vol.tage of 220 V, a current , 
19.3 A, and a power factor of Q.9. The resis- 
tance of the distribution *system (Rd) is" 0.5ft. 
<flj\ a. Value of capacitor, to give a power factor 
of 1.0 

b. Voltage drop in power lines 

c. Loss in power lines 



s7 
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Example G. Continued, 



Solution: 



I 



Capacitance (-from Figure 10') ... 

RP*= AP 2 - TP 2 . % . 

(4,246) - (3,821.4) (from .Example F) 

3,425,418 ~ 
RP = 1,-851 VAR ' (Volt-Amps Reactive). 

The shunt capacitor must supply a reactive 
power of 1,851 VAR. 

The reactive -power of the capacitor is • 
given by . . . 



.RP - I C E C . 
Thus, the capacitor current must be 



i = R£ 

1, 851 VAR 
220 V 

> I£ = 8.41 A., * . ' 
The capacitive" reactance is then 

Y - E C 

c • 

' 220 V 
8.41 A 

X c = 26.16ft • 



C = 



■1 



'" 2tt (60) (26.16) 

' «' " 1 t - ' 
a, 862 

C = 101.4 uF. • 



7 
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Example G. Continue^. 



A- shunt capacitor -of 101.4 yF will correct 
) the power factor of the system to 1.0. 

>. Voltage drop : ■ 

'With the power factor corrected, the delivery 
system must provide only enough current to' 



produce the true -power. .. 

t = TP ' 
1 E. (PF) 

- * 3 ,£21. 4 VA - • 

' : r (220) (1.0) 

I = 17.4-.A. 

the Voltage drop in distribution system is 
given by ... . ' 

E. = IR 

I = ,(17*4 A) (0.&R) 

E° = 8.70 V. 



Line loss 



■2i 



j P = I Z R . • 

- (17.4 A) 2 (0.5R) 
P = 151.4 w. 

Compaje the answers for p'a'rts b and c to the 
values obtained in Example T^. Both voltage 
drop and power loss are reduced by the 
addition of the capacitor. 
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IMPROVING* POWER FACTOR WITH SERIES CAPACITORS 

The use o£ shunt capacitors is the most common method 
o£ correcting power factor* However, in'some cases, it 
isT desirable to improve the power factor and increase the 
delivered voltage. This ; is nfcst often necessary at the 
end of long distribution lines carrying relatively small 
currents. Figure 12«sh*bws a capacitor connected in series 
with an RL loa.tf to correct th$ pbwer factor and increase 
the delivered voltage.- Example H illustrates this method 
of pjower factor correction. 




Figure 12. Power Factor ^Correction 
by a Series Capacitor. 



\ 



( EXAMPLE H: CORRECTION OF POWER FACTOR 
WITH A SERIES CAPACITOR. * . 



Given: The motor from the previpus^xample is operated 
j at the e^fld of a long power linfe with a resis- 

tance of Rd = 1.5Q. Motor specifications ajre .. 
E * 220* V, N I j» 19.3 A, PF = 0.9, TP = 3,821 W,*> 
* AP = 4,246 VA, RP * 1,841 VAR. Because of the 
voltage drop in the lines, only 20b volts are,, 
availably at the site of the motor. 



37* 
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-Example H. Continued. 



Find : 



Solution: 



a. . Series capacitance to\ give a power factor 
"of 1.0 



b*. Voltage at mototr terminals with capacitor 



in place 





Capaci'tance .... 
In a series RLC circuit, the power factor is t 
l.'O when = X^. Determine the -value o£ X^. 

The reactive power of an inductor is given 
by . . . 



Thus" 



c - RP 
E L " T~ 
L L L 



= 1,851 VA-R . 
19.3 A 

E T = 95.9 V. 

During normal operatiqh, the inductor voltage 
-is 95.9 V. • 

X -!t ' 

• L l L 

• _ 95.9 V 

19.3 A 

X. = 4.97C*. 

• L , " • « 

The capacitive reactance should^theiT te 4.97Q. 



C = 



2*fX, 



1 



(60) (i.97n) 

C = 534 i»F. : 



X 



X 
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Example H. Continued, 



Voltage at motor* terminals 
* The true power of the resistance load is 
" given by . . . 1 

' . / - TP ,= h e r - . * 

Thus ,• during normal operation ... 
' p TP * 

3,821 VA 
19,3 A 

•E R = 198 V. 
.The resistance is then ... • 

; •. " • 

^ = 198 V 

19,3 A * ' 

/ * R = 10^260. , - 

The circuit with the 

capacitor in series 

may bte rep^s^entecL 

by the diagram 'at 

the 'right with a 

source voltage of 

200 V. The voltage 
^ delivered to the. motor 

is the voltage (Vm) 

acrc?s v s the resistor 

and inductor in 

series (Em)* "Solve 
. for Em. 



E*200V 




X c -4.970 



R. 10,260 



X L .4.970 

\ \ 



3D 
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Example H. Continued. 



"Circuit impedance .... ' . . 

Z = ^Jr 2 + QC L '- X c ) 2 (Equation 4)* 

= -^/(10.-26) 2 .+ (4.97 - 4.97) 2 ' 



Z = 10.268 * " ' 

4 

I = "2 ■ . (Equation 1) 
200 V 



10.268 

I = 19.5 A. 

» * 
^ Calculate voltages on resistor and inductor. 

E R = IR\. E l * I X L 

= {19? 5 A)(10.26fl) = (19.S A) (4.978) 

E D = 200 V. * ' E =,-96.9 V: • « ' 

- L , 

Determine Em. • 3^ 

Em = "^/e r 2 + E L 2 ' (Equation 6) 



= V(200) 2 +) (96. 9) 2 ' . 
• Em = 222 V. *'. * ' . - ". 

Adding a capacitor in series corrects th6 
potter factor and increases the^voltage de*ip 
livered to the RL part of .the circuit- The 
motor has an applied voltage of 222 V, even 
though the total voltage actoss the RLC 
series .circuit is' only 200 V* * 
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THREE-PHASE POWER 

Electrical power generators produce three-phase power 
and all distribution is three-phase — except the final dis- 
tribution circuits, at 120 and 240 V. Three-phase power 
results in a more efficient distribution system and a smoother 
power delivery. Power factor correction of three-phase 
system^ with capacitors requires three capacitors (or sets 
of capacitors) with one connection between each pair 'of 
phases - or with a connect ion 'in series with each phase. • 

Current in a three-phase system is the** current flow- 
ing in one of the three conductors. Voltage is the phase- 
to-phase voltage. In this case, the true power is given 
by Equation 9. 




P = 1.73 IE (PF) - Equation 9 ' 



where : 

P = True power * 
I = Current, in amps 
E = Voltage 
PF = Power factor 
' 1 - % 73 = Cpnstant 

'Example I illustrates the use of Equation 9. 



9 
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EXAMPLE I: CURRENT OF, A THR£E- PHASE MOTOR, 



Given: 



Find: 
Solution 



A 10-hp motor has an efficiency of 92% and a, 

power factor of (£.9. ft is operated on 220 V, 

3-phase power at 85% of its rated load, 

(1 hp = 746 W) ^ y 
Current 

First, determine the true p v ower consumption of 
the motor, 

P ■ (10 hp) ( Z t|^)(0.85) 



P = 6,341 W . 
P = 1.73 IE (PF) 



(Equation 9) 



I = 



(1.73) E (PF) 

-6,341 
(1.73) (220)(0.9) 



I = 18.5 A, 



SUMMARY 



Electrical power distribution systems are RL circuits/ 
Inductance is. present in motors, generators,* transformers, 
and in transmission lines • Inductance results: in a lagging 
power factor. 

The reactive power of the system d£es no work,* but 
does increase current through the conductors of the distri- 
bution system,* The power factor can be corrected to 1.0 
fo^ the minimum current . (maximum efficiency) by including ' 
capacitors *in the* circuit near the load. 



A 
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& 

This reduces voltage drop in the power lines. The 
capacitor is chosen to provide the same reactive poorer as 
the inductance of the circuit. Power lines must then carry 
only the current necessary to deliver true power. — 

The capacitor is usually connected in parallel. How- 
ever, series capacitors are used at the end of long lines 
to boost the voltage delivered to an inductive load. 

Power factor correction is an important technique in 
improving electri^aj. system efficiency. 



43 . 
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EXERCISES 



i. 



A series RL circuit has a resistance of ^10Q, an "in- 
ductance q£ 0,2 H an< 
Find the following:. 



ductance qf 0,2 H and an applied voltage of 120 V 



a. 


Inductive reactance 


b. 


> 

Impedance v . 


c . 


Current 


• d. 


Voltage on resistor 


e . 


• Voltage on inductor 


-£.. 


Phase angle 


g- 


Power, factor 


h. 


True power* 


i . 


• Reactive power 



E* 120V 



R-10O * 



. 0 



U0.2HO 



A parallel RC circuit hafc a resistance "of lOfi, a 
capacitance o£ 100 yF, and an applied voltage of 
110 V- Find "the following: 
Capacitive reactance 



a ♦ 
b, 
c~ 
d. 
e . 
f . 



Current through resistor E*110V 

Current through capacitor 

Source current 
► 

Circuit impedance ** 
Power factor' 




C»100/iF 



A' single-phase motor has -a power factor of 0-86, a 
current^of 9.2 A and a voltage of 120 V, Determine - 
the following: . " 

a/ True power 

.Reactive power 

Shunt ^capacitance for a power factor of 1^0 
Series capacitance for a power factor of L0 * 
Voltage applied to a' motor with series capacitor 
in circuit 



b- 
c . 
cL 
e • 



ERLC 



44 * 
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.4. A three-phase motor rated at 5 *hp operates on 230 V 
with a power factor of 0.92 and an efficiency vf 874. 
What current does the motor draw at full load? 

S. A motor is rated at ^ = 120 V s , I = 12.2 A, PF = 0 . 9% 

It is operated on a long distribution line with a spurce 
voltage of 120 V and a line resistance of 1.5Q. 
Determine the following": < 

a. Resistance of motor 

b. Voltage available at motor without potfer factor 
, correction 

c. Series capacitance necessary for power factor 
correction* • 

d. Voltage available at motor with power factor 
correction 

LABORATORY MATERIALS 



120 V aTc; outlet, with switch j~r- ^ 
22Q; 1-W resistor 
1,000Q', 15-W resistor 

2-H (henry) inductor, 120 mA (milliampere) , maximum current 
Several capacitors in the range of 1.0 yF to 5.5 yF, 

120 V a.c. * 
VOM , 1 
A.C. milliammeter / 0-100 mA 

r 

Connecting wires "fc 

. • .1 v • 
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LABORATORY PROCEDURES 



i. 



2. 
3. 



4. 



Connect the components 
as indicated at right. 
The \2Sl resistor will 
represent the resisr 
tance of the delivery 
$ystem. The l,000fl 
re$istor and 2-H induc- 
tor are the load. 



Rf220 



EQ-120V 



N 

LINE 



e 



LOAD < 



Rg. 1,0000 



L»2H 



■0: 



Measure the resistance o£ the load (resistor and in- 
ductor in 'series) and record the value in Data Table 1. 
Glose the power ^witch and measure the voltage of fhe 
source, voltage on the load, voltage drop in the power 
line (22ft resistor) and the current"? Record these 
values *in Data Table 1. Open, the pover switch. 
Calculate the circuit parameters to Qpm^rlete tjie first 
section of Data Table 1. Calculate th^ value for the 
series capacitor for "power factor 1 correction as illus- 
trated in Example H. Calculate the value for the 
parallel capacitor for power factor correction as illus- 
trated in Example G. ^ % 
With power removed from 
the* circuit ,, select the 

proper capacitor for . ^ R 2 

parallel connection to 



give a power factor of 
1.0. .Install it in the 
circuit as shotm at 
right. Record the capac- 
itance in Data Table 2. 



<2> 



4B 
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6, Energize the circuit and measure voltage on the load, 
voltage drop in the line, and current. Record in Data 
Table 2, Open the power switch, 

7, Complete Data Table 2 following the previous procedure, 

8, With power removed from the circuit, select the proper 



9. Energize the circuit. Measure and record the values 
specified in Data Table 3, y 
10. Disconnect the circuit. Complete this Section of 



11, -Complete Data Table 4 to compare losses in the three^ 
- circuits . > - _ . 




capacitor for a series con- 
nection to give a power factor 



of 1,0, Install it in the 
circuit as shown at left. 
Record the capacitance in 
Data Tablte 3, 




Data Table 3, 



9 
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DATA TA 



Bt_B 



DATA TABLE 1. RL CIRCUIT WITH NO POWER 
FACTOR CORRECTION. 



MEASyftED: Resistance of load . , 
Voltage of source . . , 
Voltage on load . . . 
Current . . ; 
Voltage drop in line 

CALCULATED: Apparent power ... 



R L = 
E S = 
E L = 



E d = 



AP B L 1 ■ 
True power . . . TP = I 2 Rt = 



Reactive power . . . 

RP = ~y/AP' 

Power factor . . 

Phaser angle . . . 



TP 2 = 



PF = 



TP 
IP 



9 = COS" 1 (PF) = 

VALUES FOR POWER FACTOR CORRECTION: 

. Series capacitor . .. Cg, •= 



Parallel capacitor 



C P = 



v 4»g. T>I-0L/Page 41- 



DATA TABLE 2 . • RL CIRCUIT WITH 
SHUNT CAPACITOR. - 



MEASURED; 



CALCULATED: 



Capacitance : 


c p - 


Voltage on load . . . 


E L = 


Voltage drpip in line . . 


• E d = 


Current . . . 


I = 


Apparent power . . . 


AP = ' 


True power' . . . * 


TP = 


Reactive ppwer . . . 


RP = 


Power factor ... > 


PF = 


Phase angle + . . 


e = 



DATA TABLE J% RL CIRCUIT WITH 
. SERIESnCAPACITOR. 



MEASURED: 



CALCULATED: 



Capacitance : 

Voltage on load . . . 
Voltage drop on line 
Voltage qti capacitor 
Current . . ~' 

Apparent power . . . 
True<f power . . . j 
Reactive power • . . 
Power factor 
Phase anj 



E L - 
E d = 

E C,= 

V = 



AP 
TP 
RP 
PF 
6 



Pi S- 
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DATA TABLE 4r COMPARISON OF, CIRCUITS. 
I * 



Circuit 


True 
Power (w) . 


Line Loss 
L d (W) y 


Total Power 
TP + T P. 
(W) L 


% Loss 

p,. 


RL Circuit 








i 


^Parallel Capacitor 










Series Capacitor^ ?. 






-• * 
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TEST 




Please circle the appropriate^ answer, 

In- the circuit the right, the voltage on the in- 
ductor* is . . . 



a, 
b. 
c , 
d. 

e , 



120 V. 
117 V/ 
88.3 V. 
62.2 V. 
41.6 V. 



Ex 120V 
F»60Hz 



0 




C-500/if 
R.10Q 

L-O.02H 



In the circuit at the right, the total current is 



a , 
b. 
c , 
d. 
e , 



1.2 A. 
3.4 A. 
4.6 A. 
3.6 A. 
2.2 A. 



E-120V 
F*60Hz 



& 



R-100O d=. 



C75//f 



A single-phase motor with an efficiency of 861 delivers 



a powex of 2.63 hp (1 hp = .746 W) when operated at 
225 V with a current of 11.5 A. Determine the power 



factor . 

0.88 
0.65 



3. 
b. 
c. 
d. 
e . 



1.14 
0.85 
0.94 
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4. A three-phase motor has phase-to-phase voltage of 440 V 
.and a current of 132 A. |It has an efficiency of 911 

, and a power factor' of 0.89. Find the output horsepower, 
a. 119. hp 

•b. 78 hp . y 

cn 80 hp 

d. 76 hp / 

e. . 109 hp • ' 

5. A motor has an apparent power of 4 kW and a power factor 
of 0.9. Find the reactive power. 

a. 3,600 W 

b. 400 W 

' c 1,744 IP 

d. 1,432 W 

e. 0 

6. A single -phase' motor operating at 120 V with a current 
of' 17 A has a power factor of 0.91. What value of 
shunt capacitor will correct the power factor to 1.0? 

a . 550. yF , * 

b. 1,560 uF 
jzl -15.6 uF 
d. 5.5 yF 

re^. l."67 uF ' / 

7. The same motor in problem 6 is installed with a series 
capacitor to correct the power factor. The value of It 
the series capacitor is . ; . f 

a. 380 uF.— 

b. • 905 yF. 

c. 38 uF. ' 

d. 90.5 yf. v 

e. 1,560 *yF. • 

. . • • " ' . x ■ 
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Using a series capacitor for power factor correction 

will . . ^ 

*a. increase delivered voltage* _ 

b. \ increase line current* ; 

c. increase power loss in transmission lines. 

d. increase efficiency of power delivery system. 

e. All of the above are correct. C 

f. Only a, b, and d are true; c is falser 

Using a parallel capacitor for power factor correct ion 

will ... 

a. increase line current. 

b. decrease power loss in transmission lines. 
' c. reduce voltage drop. 

d. All of the above are correct. 

e. Only b/ and c are true; a is false. 

f. Only a and b are^triie; c is false. 

Tn most practical applications, power factor correction 
is . . . 

a. an unprofitable waste^ of time, 
bi accomplished by shunt capacitors. 

c. • accomplished by series capacitors. 

d. . unnecessary as .inductive and capacitive loads J 

in most systems tend to balance. 



r 
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INTRODUCTION 



Electrical power is such a common convenience in this 
country that .most people never think about what J.S required 
to deliver .power to fh.e customer, Electrical power trans - 
* mission and distribution systems are complex ^and k sophisti - 
cated networks. .Networks spread throughout the area served 
and interconnect to* other areas , providing reliable power 
at- proper voltages arid the hi^hes-tT~eMicie4icy-po-ss-ib-le_ 



PI -02 , M Electrical Power Transmission and Distribution , ,! 
describes the major components of transmission and distri- 
bution systems,- including transmission lines, transformer^, 
circuit breakers,' switches, voltage fregula^ors, and controls, 
"' It is not (the intent of this module no provide .a detailed 
description o¥ the entire system. or its operation. Hundreds 
of, books haxe been written on the subject and new on|s are 
published continuously- Since" the electrical -power in£us>try ; 
is in a cbntinual state of development as new products and , , 
procedures become availablev, "current information on th£ 
state of the art may-fre found i^a variety of specialised 
periodicals. , j - — - 

> This module is intended to introduce the student to ■ 
the basic. components and practices that are common through- / 
~_J3ti4JL_t^ industry 'and to prep are the^student for a more 
detailed description of the equipment used in industrial, 
commercial, and residential Settings. 

The laboratory section of this module consists of a 
. field trip, to one or* more substations, where the student 
* " will observe the equipment described. 
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PREREQUISITES 



The student shoiild have completed Module PI-'Ol, "Effi« 
ciency of Electrical Distribution Systems . " 



OBJECTIVES 



able 

! 

1. 



2. 



, Upon completion of this module T the student should be 
to : ^ 

Sketch a diagram of" ah electrical power "transmission /" 
and distribution system — including generating stations, 
switching stations , distribution substations , ,tie lines 
to other utilities, and distribution circuits. .State 
the approximate voltages present in each portion- of the 
system. \^ . m 

Sketch, describe, and explain the function of the fol- 
lowing system components^ 
a. Lightning arresters 

Transformers- . * 
Voltage regulators * * k 

Oil circuit breakers 
Airblast circuit breakers 
Gas circuit breakers 

"Tg . * D i sc"onwctr^swi t c hes - 

* . » 

h. ' Motor-operated disconnects 

i. Voltage 'transformers . - 
j . Current transformers 

Explain the factors* resulting *in »a leddfing or lagging 
p'pWr factor in the distribution system and the methods 
used to correct the power factor at the substations. 



b: 
c, 

d. 
e . 
f • 
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Describe the construction of the towers and cables k 
used for electrical power transmission. 
Given a schematic of a substation, identify the symbols 
for the major components - including transformers , - 
circuit breakers, switches, and voltage regulators. 
Visit a substation and identify and sketch the- compo- 
nents. Describe the operation of the station, 
v N , 



A 



r 



5<» . 
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SUBJECT MATTER 



~- TYPJCAL TRANSMISSION 'AND DISTRIBUTION SYSTEM 

Figure 1 is a diagram of a typical electrical power/ 
transmission and distribution system. This particular 
system contains three generating stations ,<jeach producing 
an electrical power at 70,000 V, This voltage is raised 
to 138,000 V for transmission- At switching substations , N 
"this" volHgV^ transmission "to" 

distribution substations. 

^In some cases, s.ub^transmission voltages of 35 r 000 V 
ma-*£Aiso be used. The actual volt ages - used in any system, 
un\any part of a system, depend upon the distance the 
: power \s 'to be transmitted, geographical considerations, 
climatic conditions, and government regulations. Distri- 
bution substations further reduce the -voltage to 13,800 V 
for distribution to customers. 

The figure also shows a tie line to an adjacent utility. 
Electrical power systems are not isolated, but are connected - 
in a power grid that covers the country. The lines connect- 
ing these systems together are usually operated at high 
voltages because of the long distances involved/ Some extra 
TTTgh" volt age (ehvj - lTneT~6pS"r~at~6 at voltages or 735 kV, 
These lines are used to supply pot&r from adjacent companies 
when'the local utility cannot meet demands. Utilities usu- 
ally *do not like to take power from these tie lines unless 
the power has been contracted for 'in advance; rates are. 
higher on a short-notice basis, 

however, in some cases, substantial, amounts of power 
are\ielivered by these lines oh a routine basis. Often, 
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Gen. 5to. 1 




Gen.Sta.1l 








20,000 V. 




20,000 V. 






f 









OUt. Sub. "A" 



□s. 



138,000 V. 



Dist. Sub. "B" 



□ 



Switching Station Aj 1 * 3 *' 



000 V. 



Ditt. Sub. "C" 



Olit. Sub. "6" 

□ 



138,000 V. S 

^* Ditt. Sub./'G" 

/'^ Switching J I 

V • StotlonC 



N?<%> Switching Stotlon B N 



•TT? 



L — 4 Di«t. Sub. "H" 



Dill. Sub. "F" 



220,000 V. 
Underground Coble 
Interconnections with 

odjocent Utility 
— — Company 



Ottt. Sub. "D" J J J 

i! 

• ■ 

i 



— Olit. Circuit No. 101 
— - Ditt. Circuit No. 102 



138,000 V. 



I 



Gen. Sta.,4JI 
20,000 V. 



■ J 13,80 

II 



138,000 Volt Llnet 



— — — 69,000 Volt Lines 
*— J 3,800 Volt lines 

120/440 Volt lines 
120 or 240 V. Services •» 



Dist. Ci rcuit N o . 103 

' Pole Top Transformers 
120/240 Volt 
Secondary Moins 



Abbreviations! 

Dist. — Distribution 
Gen. Sta. — Generating Station 
• Substation 



Sup. — Substatia 
V. - Voltt^ 




Services 



Wo It-Hour Meter 

Customer's Wiring 



Figure 1. - Diagram a Typical Transmission 
, and Distribution System.'. 
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•utilities purchase large amounts of power from companies . 
that are .large distances away. This power may be trans- 
mitted over the lines of several companies that are located 
between the producer of the power and the user. California, 
for example, uses large amounts of .power generated by abun- 
dant hydroelectric sources in Washington and British Colum- 

«bia. In other cases, such lines are run for hundreds of 
miles from power plants at coal mining sites to cities. 
High voltage tie lines may also be used to bring power td 

an area when the local system has experienced a generator 

failure. 

The electrical power transmission and distribution 

system of this country is actually one large interlocking 

grid made up of many individual utilities. The power is 

» 

directed through the system by switching stations and dis- 
tribution substations. This module will 'describe the major 
System components used to transmit and control that power. 

^ • TRANSMISSION LINES 

Transmission lines may be either overhead or under- 
ground. Overhead} lines' are- more common because*of lower 
construction cost and higher efficiency. However, in high 
population' areas and for many lower voltage distribution 
systems, underground lines are popular. This discussion' 
will deal with overhead lines only. Underground cables will 
be discussed briefly in Module PI-03, "Industrial Electrical 
Distribution. 11 * 
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POLES AND TOWERS 



* Overhead power lines may be supported by poles made 
of wood, steel, or concrete, or'by structural steel- towers , 
Wooderi poles are used mainly for local distribution systems, 
but some older transmission lines have wooden poles. Newer 
transmission lines use structural steel towers or steel poles 
almost exclusively. Figure 2 shows several types of steel- 
poles and towers that are in common use. These structures 



b. 



u -I 




A A 


rrr 


i i 












a, Double-Circuit Square-Base Tower 

• Single-Circuit Rectangular-Base Tower^ 

c, H-Fraow Tower 

d. Guyed V- Tower 
«. Wood-Pole H-Prame Structure 
f. Single-Circuit Wood Pole 

Double-Circuit § Lattice-Type Narrow-BaseTower 
h, Double-Circuit Steel Pole 



Figure 2, Types of Poles and Towers 
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carry either one or two three-phase circuits; that is, 
either three or six conducting cables. These cables are 
arranged to produce the minimum power loss due to corona, . 
Cables are spaced far enough apart to reduce capacitance be- 
tween the cables and to prevent arcing. A -grounded shield 
wire is strung at the top of the structure above power lines 
to divert lightning strikes to the ground. 



CABLES • 

Most transmission cables are made of standard aluminum 
and* have a stee # l core. Steel provides strength to 'support 
the weight of the cable; aluminum provides good electrical 
conduction. Copper is a better conductor than aluminum, 
but copper is more expensive and heavier and is seldom used 
*for transmission. Cables are not insulate^d and degend upon 



the air gap for electrical isolation. Cables sr^g attached 
to the tower by ceramic insulators , 



LIGHTNING ARRESTERS , 

Lightning strikes are a common occurrence on many power 
lines and circuit components must be protected from the high 
voltages and currents produced by such strikes. Figure 3 
shows a valve lightning arrester. This device- consists of 
a, series of spark gaps and a resistor called^the valve ele- 
ment. The top terminal of the arrester is' connected to the 
power line; the'jbbttom terminal is connected to ground, 
Line v voltage is insufficient to ionize the air in the gaps, 
/ . 
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GAP CHAMBER 

GAP ELECTRODE 

VALVE ELEMENT^ 
(COLUMN OF PELLETS Oft 
OTHER SUITABLE MATERIAL) 



SPRING 



PORCELAIN CAP 



Figure 3. Lightning Arresters, 



but a lightning strike breaks down the air and is transmitted 
to the ground through the resistor element. When the surge 
is over, the resistor reduced current to the level that arcs 
are extinguished and no line energy is .lost. Lightning ar- c 
resters are used on all transmission and distribution lines 
in areas where lightning*poses a problem and are usually 
installed at substations an4^ distribution transformers, " 



SUBSTATIp^S 



Control of the transmission and distribution system if 
is applied at switching stations and substations. , In some 



ERIC 



■ Page 10/1JI-02 



63 



j 



systems, all substations are controlled from a central 

dispatcher location by means of radio • frequency signals 

carried on the power lines. In 'other systems, only parts 

are controlled from a central location, with some parts 

under local control or operated automatically. In all^ 

cases, the function ,of -substations is essentially the same. 

Substations perform the following functions: € 

• Switching networks direct power from incoming lines 

to several feeder lines that carry power to other _ 
parts of the system, j 

• Transformers reduce the voltage for distribution or 
increase it for transmission to other areas, 

• Tie lines connect one utility to another at high 
voltage bulk st ations , v 

• Switches 'may be used to de-energize sections of the E 
% - system for maintenance or repair* 

Metering devices monitor and record data that are 
essential for the proper and -efficient operation of 

9 

the system, 

V 

Substations normally include transformers, switches, 
voltage regulators, capacitors, or other devices for adjust- 
ing the power factor and nveasuremenfeequipmerit , . A battery 
bank is usually included for fhe operation of switching and 

monitoring equipment during periods whena.c, power is .dis- 

V • 

•connected. The remainder of this module discusses components 
ttyat axe employed'in substations for the control* of the 
transmission and distribution system, • * 
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_ SYSTEM COMPONENTS 



System components include transformers, voltage regular / 

tors circuit breakers, disconnect switched, instrumentation, 
power factor correction, and protective -relaying. 



' TRANSFORMERS 



A wide variety^pf transformers are used throughout elec- 
ts 

trical power systems. Their sEte varies from large three- 
phase transformers for ehv transmission systems — that can 
handle thousands of megawatts - to 5 kVA single-phase dis- 
tribution transformers. Figure 4 shows a typical - three- 
phase trans formerNjf a small distribution STftrs^^tion. Most 
power transformers haV^ the same basic components and all 
perform the same func^ibn - to increase or decrease voltage. 
Only' 30 years ago, transformers weighed about five pounds 
per kVA and had efficiencies'* of around 951, Modern trans- 
formers weigh only one pound per kVA and have efficiencies 
of 99, 5%. The secondaries of power transformers have several 
taps for adjustment of the output voltage. Typically, volt- 
Jigs. _ma_y„_b_e changed in steps of abou t 2\% by changing tap-s. 
Such adjustments must be made with the transformer de-ener- 
gized, as the tap changers are not designed to operate ^under 
load, A discussion o J f the theory of operation and the con- 
nection of transformers may be found in Electromechanical 
Devices , Module J5M-03, 'transformers 11 
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METAL-CLAD 
SWITCHQEAR 



INSULATORS 

BUSHINGS ' 




v 



TEMPERATURE QAQE 



OIL COOLING TUBES 



ORAIN VALVE 



Figure 4. Substation Transformer. 



VOLTAGE REGULATORS ' > % • , • 

. Increasirtg the curre nt~ tKxougfi - " '^tfSJ[S^^1i^nr^iJl&^' 
results in an, increased voltage "drop across the line.^ In 
many cases, this increased drop is sufficient to reduce 
the delivered voltage to an undesirable value, A voltage 
regulator may be used to boost the voltage to the proper 
level and to reduce it later when the current demajid drops* 
Figure 5 is a s implif ied^sehematic of a voltage regulator. 
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a. 


Supply Line 
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Exciting Winding 












Auxllary A Winding 










<t 


Series Regulating Winding 










— e: 


Tao-ChangingMechanlsm 










f. 


Reactor 


- -- r - 








g. 


Load Line 












c.l £b. 





* Figure 5. One Phase o£ Single-Core 

Step- Voltage Regulator, 

Only one^ phase of a three-phase regulator is shown, 
is essentially a transformer with multiple taps and a 
ap changer that operates under load. Otie end of the excit- 
ing winding is connected to one phase of the incoming power. 
The other end of this winding is connected to the exciting 
winding of the other t4er phases to form a Y connections^: 
the transformer . ■ , • 

The auxiliary A winding allows a third harmonic current 




to circulate in'.the transformer and increases its efficiency. 

*The output is "taken from the series, regulating winding by 

means! of multiple taps. This voltage is added to the input 

voltage' to produce the desired output, . 

"j^A reversing switcty jaay be used to change the polarity 

of the series winding, resulting in voltage subtraction if ^ 

a voltage reduction is desired. The inductor in the tap- 
♦ » 

changing mechanism litoits current flow through the portion 
of the series winding that is m short- circuited during the 
changing of taps. * 
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Voltage regulato 
voltage transformer 
regulator. Figure 5 




ontrolled automatically by a 
es'the output* voltage of the 
s a typical substation voltage 



regulator. The appearance is very similar to. that of an 
ordinary transformer. Voltage regulators of this type are 
^sed throughout the transmission^ and distribution systems^ 
as jieeded-. in many cases, voltage regulators- are added to 
existing substations as power demand increases. 



'TERMINALS 



OIL. GAGE 

, / NAME AND 
' DA^ PLATE 



EXTERNAL 
COOLING TUBES 



CONTROL PANEL 



TEMPERATURE* 
GAGE ' 




7 

DIAL SHOWING POSITION 



Figure 6. Substation Voltage Regulator. 
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•CIRCUIT BREAKERS 

When a circuit carrying a 
voltage is interrupted, an arc 



/ 




OPERATOR 
LINKAGE 



ACTUATOR 
ROD 

ROD GUIDE 

CONTACT 
ARC 

CHAMBER 
MAIN 

CONTACTS 



MAKE - AND 

BREAK 

CONTACT 



Figure 7. k , Typical Oil Breaker. 



large amount q£ power at high 
forms^ between the switch 

contacts^. Circuit break- 
ers are used* to- break the 
connection and extinguish 
the resulting afc without ' 
damage *to the equipment, 
or danger to the operator. , 
Three types of high volt- 
, age circuit breakers are 
in cotomon use. 

t Figure 7 shows the 
'components o£ an oil cir- ■ 

c ui t b r e ake r_jc o mmo r^ly _us e d 

for transmission and dis- ; 
tribution service. When 
this circuit breaker opens, 
the main contacts open 
first and the current is 
"carried by the arcing con- 
tacts. As they., open, an 
arc is 'formed inside the* 
arc chamber*. This arc is 
quenched by the inrush of 
oil as th,e arcing contacts 
. are withdrawn from the arc 
chambers . The circuit is 
interrupted in about five 
to eight cycles. 

\ 
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Figure 8 shows a typical, oil circuit breaker used in 
a distribution substation. f This njodel consists of thr^e . 
separape^ breakers in separate containers. Smaller models, 
may h^ye all three breakers, in a single tank* The tank is 
usually at ground potential and is insulated fromhigh ivolt- 
age by oil." Some oil circuit breakers*' have smaller oilj tanks 
'and the tank is not, at ground potential. This was the 'first 
type of circuit breaker developed and it remains the mc|st 
popular. ' # 1 



- OIL GAGE 
OIL-FILLING CAP 



TERMINALS 



POSITION INDICATOR 



OPERATING MECHANISM 



DRAIN VALVE FOR 1 
CHANGING OIL 



BUSHINGS 



CONDUIT 




Figure 8. Sabst at ion^ Oil Circuit Breaker. * 
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Figure 9a shows the components o£ an air-blast circuit 
breaker. In this device-, a blast of cpmpressed air is used 

to blow out the arc- The 
air-blast circuit breaker 
'is actuated by a cylinder 
driven by compressed air. 
When the contacts open, air 
is also allowed to travel 
up the blast tube. This 
blows the arc into the arc 
splitter, as shown in Figure 
9b, The length of the arc . 
increases until it is extin- 
guished. Air-blast circuit 
breakers are capable of in- 
terrupting a circuit in 
- three cycles or less. Air- 
blast breakers require com- 
pressed air for operation, 



ARC 
CHUTE 

SPUTTER 
COOLER 



ARC 
TIP 

- CONTACT 



CONTACT 
ARM' 




ARC 



PNEUMATIC %, 
MECHANISM 



MAGNETIC 
VALVE 

CHECK 
VALVE. 
AIR ^ 
SUPPLY 

MAGNETIC 
VALVE 



CONTACTS 




BARRIER 



ARCING 
HORN 



ARC 1 CHUTE 
b. Interruption of Arc 



a. Blast of Air Released Simultaneously 
With Opening of Contacts 

Figure 9, Air-Blast Circuit Breakers 
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but contain no oil to be contaminated or present a fire 
hazard. Air-blast breakers have become, popular for indoor 
installations and are used in many outdoor substations. 
Figure 10 shows air-blast circuit breakers 'for extra high 
voltage (ehv) ope rat ion . 




. a. Sections Of Circuit Breaker 
b. Current Transformer 



Figure 10. Air-Blast Gircuit Breaker Rated at 375 JcV. 



Figure 11 illustrates the operation of a gas circuit 
breaker.- This device con^^ts of two sets of contacts 
mounted on a rotating arm in^de a chamber filled with sul- 
phur hexafluoride (SF 6 ) -gas at about 60 pounds p€r^s)quare 
inch/fpsi). As" the contacts open, a xblast of gas at about 
240 psi,*is forced through the contacts and blows out the 
arc,. SF 6 is used because it has a very high dielectric cur- 
rent that increases with pressurk. It conducts less than 
oil and extinguishes the arc more rapidly. 

Figure 12 shows a gas .circuit breaker used to remove a' - 
generator from the power grid, Th6se frneakers are expensive 
and require a compressor and filtering system. for the' gas . 
Ttiey are used primarily for high voltage, high currant; service, 
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DISCONNECT SWITCHES . 

Figure 13 shows a disconnect switch used to disconnect 

circuits manually. 'The stationary switch contacts are 

*** 

supported by the insulator stack on' the right. The Switch 
blade is supported by the center stack. The left stack is 
the driving mechanism. Rotating the driving stack causes 
the switch blade to rise vertically*, assuring that the cir- 
cuit opens. Thi-s type of switch cannot be used to break an 
energized circuit. It is always used with a circuit breaker 
and is opened after th% circuit breaker is opened. Purpose 
of the disccSkpnect switch is to *make the circuit remain de- 
energized during maintenance or repair. Vert ical -break 
disconnect switches are u^ed widely throughout transmission 
and distribution systems' to isolate system components. 




a. 
b. 
c. 
d. 

f. 



Switch Bl^de 
Jaw 

Insulator Stacks 
Insulator Stacks . 
Switch Mectfanism 
Driving Insulator Stacn 



Figure 13., Vertical-Break Disconnecting Switch. 



ERLC 



' 74 



PI-02/Page 21 



Figure 14 is a motorized disconnect switch that can be 
used to interrupt a current in a circuit. It is operated 
in the* same manner as the previous switch, but is powered 
by a motor and incorporates a nitrogen bl^st to extinguish 
the arc. This type of switch is used in many distribution 
substations for normal switching applications. The motor- 
operated disconnect switch is not a replacement for a cir- 
cuit breaker for circuit protection, as it operates only at 
relatively low currents. 



Illlllllflll 




Figure 14, 
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Nitrogen Blast Helps Extinguish -Arc 
in Motor-Operated Disconnect (MOD) . 



1 



^INSTRUMENTATION 

Substations 'include a variety of monitoring and record- 
ing devices., Quantities measured include volts\ amps, 
power in .watts, reactive power in vars, (volt-amp reactive) , 
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frequency -and perhaps, power factor. Most of the meter 
movements used operate at 120 V j^i 5 amps although their ^ 
calibration is .in terms of quantities measured. Signals 
are provided to substation meters by ^current and voltage • 
transformers designed for use with specific jneters. Figure 
15 is a potential- transformer that steps. the transmission 
line voltage down to, approx i 

• imately 102 V.. Its primary 
winding ±^ connected across 
the voltage to be measured. 
Its secondary is connected 
to a meter that is -calibrated 
to indicate the true trans- - 
mission line voltage: 

Figure 16 shows 'two types 
of current transformers. The\, 
primary of the current trans- 
formed is in series with the 
line carrying the currertt tcy 
be measured, and the output 
of the transformer is propor- 
tional to the total current. 
The secoridary of the current 
transformer is connected to 
an ammeter that is calibrated* - ^ *- 

yt*o indicate the ^line current. 

Figure 17 shows current and voltage transformers in a 
measuring circuit.. These transformers also provide the sig- 
nals used to operate relays that open circuit breakers in 
case of faults, change taps on voltage regulators, and switch 
in reactors fcfr pow'er ' facto'r correction. 




Figure 15. Potential 
(Voltage) Transformer 
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Figure 17. Connection of Instrument Transformers. 

, * 
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POWER pACTPR CORRECTION 

Most "leads and most transmission systems have more in- t 

.ductance than reactance, resulting in a lagging power factor, ^ 

This is often corrected by capacitors. Capacitors are lo- * 
cated in .substations , mounted on poles, or pladed in under- 
ground vaults along the tij^nsmission lines. Capacitors are 
switched into the circuit automatically when needed. When 
large amounts of power are Jjivolved', a device called a syn- 
chronous condenser is /used, A synchronous condenser is a 
rotating machine that \s similar to a synchronous motor with ; 
no load*. The synchronous condenser has a /continuously ad- # 
justable power factor "that can provide either leading or * ) 
lagging reactive power. 

In underground cables and ehv transmission lines, the 
capacitance of the lines jnay be so great^ that a fading 
power factor is produced. This is. corrected by installing 
a shunt reactor., ThiS is an inductor that offsets the 
capacitance of the line, ^ . 



PROTECTIVE RELAYING 



Relays are used in -conjunction with current and voltage 
transformers to control circuit breakers to prevent over- 
current and over-voltage conditions, • The design, character- 
istics, and applications of protective relays for transmis- 
sion and distribution systems are the saW as. those for in- 
dustrial application^ These are described in Module PI - 03 , 

'•Industrial Electrical Distribution," m \ 
i . . „ 
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) 

A TYPICAL SUBSTATION ] 

C ' - 

A 1 J f 

Figure 18 is a^schematic diagram o£ a typical distri- 
bution substation. Figure 19 identifies the symbols used 
in such schematics, , 



SUMMARY 

EJ/^ctrical power, taransmission and distribution systems 
do not exist in isolation, but are tied together in a^poWer^ 
grid that connects each utility to its neighbors. .The 
transmission system consists of overhead and underground 
cables to carry the power and switching stations and sub- « 
stations that contain the monitoring and control equipment. 
Tfyese stations must direct power to customers and .assure 
tfiat power is delivered at the proper, voltage and power 
factor. They must also provide protection for the system. 

Substations^typically^ include the following components 

• Power transformer? for changing the voltag|^ level . . 

• Voltage regulators for adjusting the delivered voltage 
as changing current causes changes in the voltage drop 
in the transmission lines. 

• Circuit breakers f^rr connecting and" disconnecting cir- 
cuits. \ 

^ • Disconnect switches \for disconnecting lines or compo- 
nents after' the' circuit breaker i£ opened. 

• Voltage 'and current transformers for monitoring and 
. controlli^j the system. 

• A vatiety of measuring . and recording -equipment . 
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69KV/600A 


1 1 1 . 





SJAT10N_J «HH 



f3|69KV/600 A 

600/5A fc s \ 

69KV/600A\ 69KV/600A A 
£ f.600/5A 



STATION 



600/5 A 



34. 5KV/6OOA0 

37KV/400A 
500VA 23,00/USV- 



37KV/600A, 
1200/5A 

1200/5A 

*3 Holders 
3 Fuses 



'Bank No 4 
4 66-23 K.V. 



1 

l 



1^34. 5KV/1200A 
1200/5A 



23 KV BUS 



600/5A4 
[3 

600/S A t 



34. 5KV/1200A 

34.5KV/600A \ 33KV 
N /400A 



23KV/600A 
34. 5KV/60QA 



23KV/6O0A 



A V 3 400A 33KV/4O0A 



■V" 



tank No. 1 Bank No. 2- 

23.13 K.V J 23-13 K.V./ V 



Bank No. 3 m , 

66-13 K.v. :*H!rP' 



STATION 



15KV 



37 KV/600A 

iaoo/5A * 

fZ 34.5KV/1200A 
1200/5A 

23KV/600A 

— * 



Tl 



34. 5KV/600A 
1200/5A 
34. 5KV/1200A 



1200/5A 



23KV/400A T 23KV/400A } ^KV/ 12 00A 

\ 1 ^ { ' l 20 °/ 5 / 5A 

nnf pn 15 KV/400A^(r n S 

— I > 



13 KV BUS 1 



15KV- 
U 8KV/l200Agj 



15KV/1200A 

140VA 7620/120V 




12 KV 



15KV 



13. 8KVff| 
feg /1200A 1 1 
300/5A f 

15KV 
4*' Cond. 



13. 8KV/1200A 



13. 8KV J, 4} 13. 8KV/1200A 
w /1200A, y ji! 
I300/5A 12 KV l=600/5/5A 



15KV 



S 15KV 



o 
> 



COMMUNITY 




\ 



Figure 18. Typical Substation Layout. 
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4. 



TRANSFORMER 

uJLu Two Winding 
Transformers 



ijJjUU Auto Transformer 
r rrrr*with Tertiary Winding 

k ^Alj Zi * z *« Grounding 
p -^X^ Tranatormer 



OCB Bu thing Type 
Current Transformer 

OCB Two-bushing type 
Current Transformer 



uJLaj Transformer with 
Tertiary Winding 



Step Regulator 



(JJ Current Transformer 

' ^ I^Sfo™" -j" 3 TrWor».r (fr) Induction Regulator 

VI ~ . ,^ } Control Power i 

O^Ll/ Constant-current (Street _5 . . . « 

?rfV Light) Tranrformer " H ?* lon 

I \ . j Power Transfoi 



/"oTRP Air Core Reactor 



Auto Transformer 



ormer 

Outdoor Metering Outfit r$$$\ Iron Core Reactor 



OIL CIRCUIT-BREAKER 



0)1 Circuit-Breaker 
(OCB) 



Motor-operated OCB 



Pneumatic -operated 
OCB 



ft 

0 



Dummy OCB 



Draw-out Type OCB 



Solenoid Operated OCB [$ p| Spring-operated OCB 



Hand-operated OCB 
with Trip 



Hand-operated OCB 
without Trip 



.Street Light Controller 
r 'with Time Clbck Control 



Kyle Automatic 
Circuit Recloser 



AIR CIRCUIT-BREAKER 



IXimmy ACB 



L Air Circuit-Breaker k 

/ (ACB) \) 

\ ^ 

J Solenoid-operated ACB J Draw-out Type ACB 



SWITCHES 



" Stick-operated 

Disconnect Switch i 



Motor -operated 



Bayonet Switch 

Air-break Switch — • 

Load-break Switch f^f Regulaloz> Bypass Switch 



^ /^^^ t ^* C ° DaM ^ Double-ore* ^-Single-Pole 
-./•-Switch BUde De- , Load-ore* Switch - C^nZ.e-Thr, 

' energised wheri open. ( 



Double-Throw Switch 



-Air-break Switch / Fuse Diaconnect^Switch -i N T^ 



Double-Blade 
Double-Throw Switch 



MISCELLANEOUS pxv^ Key Interlock 
r^wl Equipment 

1 V 

— Potasade 
Generator 



• Roof Bushing 



Ground 

^f-i Splice Box with 
■Hot-line Tap ^ Bushing 

Capacitor H1H- 1 WgWning Arrester 



(T) - Indicates Time Control on ACB or OCB 

figure 19. Symbols for -Substation Equipment. 
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EXERCISES 



1. Use the symbols shown in Figure 19 to identify each com- 
ponent in Figure 18. Redraw the substation ^ch^mat ic 
showing only circuit brewers, power transformers volt- 
age regulators, and disconnect 'switches. * , 

2. Explain the operation Qf th'e following types of circuit 
'breakers: w 

♦a. , Oil * 

b . Air-blast 'a 

c. Gas \ " % 

3. Diagram th ( e operation of a 1'ightning arrester. Explain 
the diagram. - 4 ' x • 

4. Explain the applications \>f the" following types of ; 
transformers: , \ ' 

a. Power transformer 

b. + Voltage ^regulator transformer 

* c. Current transformer 

d. Voltage transformer 

5. , Explain the difference in the ,op3ratiq$i of v the ^tap 

changers of a power traJi§!£ormer and a voltage regulator. 

6. Explain the function of disconnect switches and how this 
differs from the function of circuit breakers.* 

7. Explain how to correct^the* power fac tor at a substation 
if jt, is: a 

* . a. Leading . • > 

b.' Lagging 

. . • ' '. ' S 
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LABORATORY MATERIALS 



0 

f • 



1 



< Spiral notebook or clipboard. 

Pen or pencil • 
c Camera (optional)/' 

LABORATORY PROCEDURES 



This laboratory exercise consists o£ a field trip to N 

at least one - and preferably two - substations. The purpose 

«i * 

is tp acquaint the student with the equipment, controls, and 

operatiorf of such Jfacilit ies . Impossible* the stations 
visitecj^should be different in function as to the transmis- 
sion aAd distribution system. One shauld be- a distribution 
substation supplying residential or small commercial custom- 
ers.. The^ot^er- substation should be a 'switching station or 
a power plant transmission station. 

1/ Observe >the station components during the familiariza- 
tion tour. m Observe all safety precaution? . e As much of 
j 7 the laboratory , as possible should be completed from 
! outside "the station compound. 

2.\^ Sketch the transmissipn lines* entering ajid leaving the 
Q ' station. Record thtf Voltage* and grated current -of thee' 
v ' lines and th£\type of customer servexi by the distribu- 
tion system. . ' 
Sketch theOayout of the ^tatiohand identify the fpl- . < 
lowing components: - ^ t • 

.Power transformers * t . • 

% . b. Circuit breakers / 
^c. 1 *. Voltage* jr.eguiators, m , * 

d. * Disconnect 'switches ' - ? "* n 

e. # Capacitor banks*, if present * • 
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4. List the ratings' and specificat i®ns of»the above equip- 
ment in the Data Table (in sprial notebook or on clip^ 
board paper) . * 

5. Sketch the bus system used to" connect the station^ com- 
ponents. x 

6. List the quantities monitored by .the station monitoring 

v 

equipment. . 

7. Sketch any additional components that are present, such 
as lightning arresters , current and voltage transform- 
ers, £use"S, and controls. 

8. -"List maintenance procedures for the station if this 
information is available. 

9. ' Repeat the procedure for the second station. 

10.- ^Prepl^re a report describing the station and its opera- 
tion. ' »j - 

. ' NOTE: .Several options may be used in fulfilling this 1 
laboratory procedu^.' One possibility is to 
take a camera and photograph the statiort and 
its components. Another option is to tour'orte 
station ,.and then divide into several groups and 
visit several substations in the area. Much 
information may be obtained frpm observation of 
substations from outside the fences surrounding 
them. In. this manner, a ijumber of . Substations 
maf be compared*. „ 

. DATA TABLES 



bi'st all available 4ata and make all fi'eld sketches i 
a s.piral iffftebook*— or. include this information in a fodder 
ta be turned in with the fi 



final laboratory report 
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TEST 



4 b 
c 



Please 'circle the ^^^ropriate answer. - * v * 

1. Power transformers' . n : " < 

a. have multiple toutput taps that can us-ually be 
♦ changed under, load^. , . * 

have * efficiencies 'of »^out 95%* 
must be disconnected .from power befdre their 
output taps % can be^ changed*. » ' 

d. have rio provisions fpr changing the, output . 
voltage. - . 

e. Only b hndyc are true. 

Extra high voltage transmission lines . .. . * 
a. us.ually have 'more capacitance than inductance, 
-operate at ^voltages in the 735 kV range, 
are used for long distance transmission only . 



c . 
d. 



All the. above are true 



e. Only b and c.are tvrue. 

Th£ cables used for overhead transmission lines are 
usually- made of . . . . , **.S / / 

,a. copper. - , • # "f 1 

b v aluminum. * * 

e. steel . ■ . ' „ 

d. N a comb ina tit 

e. a combination 



)f copper and* aluminum. 
>f alumintrnvand steel. 



Distribution substations probably will not include 



a. 
b, 
c , 
d. 
e < 



oil circuit breakers. V 
air-blast circuit breakers, 
gas circuit breakers, 
voltage regulators < 
disconnect switches . 



1 
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•5. . 



6. 



A leading power factor of a long tran 
may be corrected by connecting^ ... 

a. a shunt inductor. 

b. a„ shimt capacitor . 
a *§ynptfironous condenser. 
Either a or c is true.- 




ion line 



c. 
d. 
e . 



Either b or^c is true. 



Current transformers ... ^ 

a. , are connected across two phases of a three-phase 

circuit. • #y * 

b. are used to increase the current in a distribu- t 
^tion line. • 

c. are used to monitor the current in a single con- 
ducting wire. 

d. are not used in protective relaying as are voltage 
transformers. 

e. None of the abpve are correct. 
£ *35 k-V line is classed as a . . . 

a. distribution line. . * - 

b. transmission line. f 

c. subtran.smission line. 

d. ■ extra high voltage, line. • • 

e. generator supply, line . ' , 
Motorized disconnect switches' ... . ' 

a. are an inexpensive replacement for oil circuit_J_j^ 

breakers for circuit projection. , 
b?' can never be used to open a circuiJEpin which. 
. current is flowing. 

c. often* incorporates $Fs gas to 'quench the arc 

formed when they 1 opea. 

* « * 

d. ca'nnot be used 4t n'ormal distribution voltages. 

e. None of the. above are correct. 
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Oil circuit breakers ♦ 

a. ^ usually have an oil tank that is at ground poten- 

tial. 

b. are the most common type in distribut fon systems. 

c. may be controlled by relays operated from current* 
transformers . 

» 

d. All of the ab,ove are correct, 
ve . -/lone of tne ove are correct . 
AiVolast circuit breakers . . . 

a. ' do not operate as quickly as oil circuit breakers. 

b. may be used either for indoor or outdoor installa- 
tions. 

c. can be used only j at subtransmission "and distribu- 
tion voltages. ^> 

d. Only a and b are true. . 

e. None of the above are true. ^ 





ENERGY TECHNOLOGY 
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ELECTRICAL PQWER AND IU.UMINAT1.ON SYSTEMS 





:CENTEH~FOR OCCUPATIONAL R ESEARCH ANP DEVELOPMENT 



INTRODUCTION 



\ 

The purpose of an industrial plant is to produce a prod 
•uct as economically and efficiently as possibTe ' Since 
electrical energy plays an important role in the produc 
and packaging of virtually every product- produced, thef elec 
tr'icai power delivery system" is always important in eve 
pla^t . * 

The size, voltage, and complexity of the systems em- 
ployed vary\*adely with the- type and size of installation 
served. ..However, all systems must deliver adequate power to 




.the point of application — 
^ • at the proper voltage 



^seS/' 



• with minimum powes losse! 

• and an acceptable reliability , • 
••"while providing adequate protection of equipment 

• and injuring the safety of personnel . * . . 

This module discusses the design of systems to provide 
such service in* Industrial settings and the components used 
in such systems. Topics presented include basic design of 
primary and secondary substations, the selection of distri-* 
bution voltages, grounding schemes, circuit * {detection 
schemes, and the equipment employed f of 'circuit protection. 

The laboratory section of this module is a field trip 
to an industrial plant, wh^re the sfudent^ will examine the ■ 
electrical distribution system. 



s 



PREREQUISITES 



The student should hdve completed Module PI -02, "Elec 
trical Power Transmission and Distribution-.-^ 
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OBJECTIVES , 

Upon completion of thisntfodule , the student should be 
able to: 

1. Draw ancKlabel* a diagraa^howing basic components of 
the primary substation of a typical radial distribution 
system. /Explain the purpose of eaefi component. 

2. Draw simplified diagrams of thre.e- other equipmeht 
arrangements . that may be used in primary substations 

i to increase reliability. 

3. ' Draw and label .diagrams showing the following types of 
secondary distribution substations: 

a. Radial ' 

b. Primary selective- n 

c. Secondary selective 

d. Networks - - 

Specify the distribution voltages indicated by the, 
terms "high voltage, M "medium voltage, 11 and "low volt- 
age." List the common distribution voltages in the 
low voltage r^ange . 

Explain the term "480Y/277 V" and'the reasons "for the 
popularity of this distribution 'voltage . 
Draw a diagram showing the connections oi the trans-* 
former secondaries' for a^ 480Y/277 V system. Indicate 
the phasd^-to-phas^e voltage and ihe phase~to-gr^und 
foltagej Show the connections ^pr solid grounding of , 
the system. 

Explain the following grounding schemes and the appliqa- 
tion of each: 

a. Equipment grounding 

b. System grounding, * 

c. Solid grounding ' 
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I 

d. low resistance grounding 

e. High resistance grounding ' . • 

List and explain the fitfe factors that must be con- 
sidered whejl selecting circuit protection devices. 
Describe the characteristics and application of the v 
.following types of fuses: * 

a. One-time - ^ 

b. Lag 

c. Dual" element : * , 

d. ^ Current -limiting 

Describe the construction, operation/ and voltage ranges 
of air-magnetic circuit breakers and molded-case air 
circuit breakers. r , 

Describe the characteristics and operation of the fol- 
lowing types^tf/relays : 
a* Plunger ^ 

b« Time-delay induction- disk * . 

c . Balanced beam differential 



.am selective tripping and % cascade tripping *of oyer-, 
current protection devices. ^ 
Visit an industrial electrical power »distribut ion , system; 
Examine the system and its components and pr^patfe a re- • 
port describing the system. , - <\ 
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SUBJECT MATTER 



PRIMARY SUBSTATIONS. 

The primary substation is the ]joint of entry of the 

electrical power into the plant. The substation may be 

ft* * % * 
.owned by either th/ utility or the customer but/ the trend 




is toward custom^ -owned primary substations-j/especially for 



larger plants. 

Voltage supplied to the primary substation depends upon 
the power requirements of the installation. Smaller plants 
are supplied with the standard 13, 800 ^distribution voltage 
Larger facilities can be supplied directly from subtransmis- 
sion lines .at 35 ky, or transmission lines at 69 kV or 138 
kV. The primary ^substation contains protective devices and 
power transformers to reduce tl/e voltage to the plant dis- 
tribution voltage*. * Distribution voltages are usually clas- 
sified as low voltage *(600 V or less), medium voltage (601 V 
t'o 15,000 V) and high voltage (above 15^000 V). 

Voltage regulation is usualj^ accomplish.ed in the pri- 
mary substation -if it is required. For most smaller instal- 
lations, this is accomplished at previous stations in the 
transmission system.^ 

The primary substations of plants with higher voltage 
service are outdoor facilities similar to switching substa- 
tions in the transmission system. Plants witl|H.3.8 kV prima 
ries may have outdoor primary subs tat ions , 'but most of these 
are outside, also. This is b'ecause of the difficulties in,, 
bringing higher voltages than\necessary into buildings. W 

Most smaller primary substations are preasserfibled with x 
metal-efficlosed switchgear; This -allowfc standard 'designs and 
.Components aftd reduces installation^ cosjt . * " , » 



PRIMARY SUBSTATION DESIGN 



HIGH VOLTAGE LINE 



CURRENT 
TRANSFORMER 



J 

EL 



CIRCUIT 
BREAKER 



DISCONNECT 
SWITCH 



PROTECTIVE 
RELAYS* 



The design o£ the primary substation depends upon the 
plant load and the reliability of electrical service neces- 
sary.. Figure 1 shows the basic components and layout of a 
typical primary substation used In most plants. This scheme 
is called radial . distribution, because all power is supplied 
radially from a single distribution -point and one primary 

line. . £ — -J- 

*"The high voltage side 
of the substation includes * 
a circuit breaker capable 
of interrupting t-he short-cir- 
cuit current of the installa- 

tion. This is usually an oil 

* 4 

circuit breaker , but air-bla^t 
circuit Breakers may be used, 
especially in indoor installa- 
tions. A disconnect switch 
is also provided- to remove 
power from the substation- 
after the circuit -breaker is 
*op.erted. The secondary side 
of the tjansformer is con- 
nected to another circuit 
'breaker* At voita$3^"of 
13.8 kV and below, this is ; * 
usually an air circuit breaker 
. . : . T fc* s °^ circuit breaker 

is described, later in this module. * From '.this • breaker , the 
power is C9nnected .to the- main, feeder lines. These may 



UUJU 

rrpn 



i 



TRANSFORMER 

o 

AIR 
CIRCUIT 
BREAKER 



ACB 



T 



) ACB 

DISTRIBUTION CIRCUITS' * 

Figifre'l. Primary 
^ubstation / o'f Typical 
Rafli^l Distribution 
' I Scheme.* 
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be insulated .cables in conduits or racks, or .busies enclosed 
in busways. Each takeoff from the 'main line is usually . 
equipped with its own circuit breaker. 

The radial distribution substation is the simplest and 
least , expensive, but has the lowest reliability. Failure 
of aijy. component in the primary station results in a powelv* 
loss in. the entire 1 plant . t This is'adequate for most applica- 
tions, but some industries experience major kosses ? _as a re- y 
suit of ftven a momentary power failure. / 



INCREASING RELIABILITY OF PRIMARY SUBSTATIONS 

c ' Many schemes may be use£ to increase the reliability of 
the primary substation. Three possibilities are shot&i in 
Figure 2 . / 

is es 



Figure 2a -"isa^primary loop station. I-t is ess^tj^Lly 
two radial distribution substations in parallel, with- each 
carrying half 'of the load. I£ a failure Occurs in one ha,lf 
o*f the station, a breaker in the main feeder bus that^is nor- 
mally open, may *fTe closed to supply the entire load £rpm the 
-other half until the fault can be repaired. If a single 
transformer is not rated high enough to carry the entire 
foad, its capacity may be increased temporarily by a^ water 
spray. The current ^handling capacity of almost*. any self- 
k cooled transformer may be increased by* fc 67? by this method. 

Figure 2b shows anbther method used to increase reli- 
ability when two supply lines are available. One of the 
lines normally carries all of the load. If a failure occurs 
'on this line*, the station is switched to 5 the second line with 
only momentary interruption of service. 



95. 
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UNE 2 



"i- i 



NO 
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' rrpn 

ACB j NC 



b< Twin Feada for ReliabiTny 



UNE 1 





/UNE 2 


/J 


/HQ 

': 


^/ NC 



•I 




c. Twin Feada With Tie-breaker on Main Secondary Bua 



Figure 2.* Schemes f or " Increas iffig 
. Primaty System Reliability. 



Figure 2c is a ^combination o£ the two previofcs teqh- 
niques. This arrangement is;tl}^ mos^ expensive to 'install, 
but twin feeds with^a tie-breakei* on, the m&in secondary. "bus 
afford maximum reliability/ v , 1 



Page 8/PI-03 *' 



SECONDARY SUBSTATIONS 

Plants WitH_relatively small power requirement s . and 
distribution line lengths o£ less than 200 feet may have 
Qnly a primary §ufrstation that; supplies the distribution 
system with the voltage that is utilized by the equipment. 
In larger plants-, or plants with longer distribution lines, 
the distribution system often carries a higher voltage than 

St ' * 

,is used ,by „the equipment. This allows .the same amount of- 
power to be delivered to the point of application at a lower 
current, reducing both the power loss and the voltage^ drop 
under load. The distribution busses or cables leadn:o sec- 
ondary substations, often called load centers, because these 
secondary substations are located close to the loao\they 
serve. , t t 

SECONDARY SUBSTATION DESIGN . : * . 
1 , 

' Secondary substations are scaled-down versions of the 
primary" station, are usually located in the area served, and 
are completely enclosed in metal £abinet!s . As a minimum,^' 
secondary Substations contain a stepdown transformer with 
an air circuit breaker on the output, internal busses to 
'branch circuits , # and smaller circuit breakers <for the branch 
circuits. * 

Depending on the size of the«-J.oad , > the Itfansf ormer may 
be „either oil-filled or dry, Swdtchgear ^.s typically mounted 
in* icicles and can be easily disconnected an^ removed for ser- 
vicing. Smaller l&ad* centers consist of an enclosed^dry 
transformer mounted on the floor (or abov^the work area) 
and, a wall -mounted circuit breaker Box, . ^ 
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SECONDARY SUBSTATION CONNECTIONS 

As with primary substations, secondary substations can 
be connected to their loads in a yariety of ways', Figti^ 3 
shows four common distribution schemes. 

The radial scheme shown , in Figure 3a is by far the most 
common. Each load center takes its power from a single feeder 
and serves several branch circuits. For most applications, 

• this system is sufficient, the least expensive, and the most 
simple. 

Figure 3b shows the arrangement of a secondary selective, 
substation with increased reliability. This load center con- 
tains two 't^ansf ofmers and is served by two separate feeder 4 
lines. Uncter normal- conditions , each half of the station 
- serves half the load. If a fault occurs in one of t the feeder 
lines, a tiercircuit breaker in the distribution bus may be 
clpsed to supply power to <the efttire load from one half of x 
the station, 

* — 

/'Figure 3c shows two primary selective load centers. 
Each may be supplied by either of two feeder lines. Thus,, if 
- a fault occurs in one feeder, the other may be used by both 

* stations. In some cases, additional reliability may be pro- 
vided by including^ two primary selective load stations in a . . 
single installation with a distribution bus-tie^ circuit 
breaker similar to .the secondary selective system in Figure - 
3b*. *■ 

The greatest reliability is provided by a network dis- 
tribution system of the 'type shfijwr in Figure 3d, The system 
shown has only one feeder line, but two or more .f esxie*— iin-es T 
i may be used, The'distribution busses of this system may be. t 
connected to provide power to any part of the load from any 
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* Figure 3/ Secondary Substation Connections. 
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'one of the distribution transformers. Fuses or circuit 
breakers between the sections of the distribution bus provide 
greater circuit^proteGtion. * / * 



DISTRIBUTION VOLTAGES 



^Primary distribution voltages arp usually either 
13,800 V or 4,160 V, .although^higher voltages may be used in 
larger facilities. The output phase-to-phase voltage at the 
load centers may be 608, 480, 240, ov ,208 V, Older plants 
usually have 60Q-V systems. 

Few new 600-V^ystem^jje_liistalLed today.- The 408Y/ " 
'277-V systems are by faV the most < common. They use a Y- 
conhected secondary', illustrated in Figure '5 of this module. 
Such a system ha^r a phase-to-phase voltage- of 480 V, and, a 
phase-to-ground voltage of 277 for each'phase. 

The 480-V, three-phase is the most 4 popular , voltage for 
motors, and the 277-V, single-phase is' used for fluorescent 
lighting. There is seldom any reason x to use lower distribu- 
tion voltages, and lower voltages , require Tayger currents , for 
the same power delivery. This means- higher current ratings 

for breakers, and larger conductors." Lower distribution volt- 

* 

ages usually' result in greater losses and higher voltage 
drops along the distribution* lines . , s 



in 



ie* lower voltage of, 240-V -systems affords greater safe- 
lamp environments like dairies and Slarigfyter houses, 
f^tric furnaces often operate 'on* 240 V and are sometimes** 
Dplied by 240^- V* distribution^ litres . A more* common practice 
sfun -higher 'voltage busses to -a load- center*, at" the fur- 
ice where the voltage is reduced. { 
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\ Many smaller plants find 2O8Y/120. V systems practical. 
Thre^uhas.e motors are operated on 208 V, and the 120-V, . 
sing/e-Rfaise service 1 is used for lighting and smaller motors. 

Figure 4\3hows the distribution system of a plant with 
three larger motoT-s and a large number of smaller ones. Ser- 
vice voltage of 13.8 icY is stepped down to 4,160 V for in- 
plant distribution. Thi^Nvoltage is' used to operate larger 




4160V 



480V 



nmn 



VJUJ 

480V/277V | 



MOTOR FEEDER 



UGHT1NG FEEDER 



M 120/240V 

r r i r. 



120rf240V CIRCUITS . 

Figure 4. ^Industrial 4 Power Distribution System. 
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motors and is 'distributed to # load centers throughout the 
plant. At the load centers, voltage is' reduced to 480 V for 
the remainder of the equipment-. The 277-V, single-phase ser- 
vice operates ^he lighting'; additional load centers provide 
120 and 240-V, single-phase service as needed. This type 
system is typical for many industrial applications. 



v 

SYSTEM GROUNDING 



System grounding; is the intentional grounding of the 
electrical system at some^ point to increase circuit protec- 
tion. This must not be coftfused with equipment grounding. 
Equipment grounding is a safety feature, consis-ting of ground- 
ing all non-current-carrying metal partes of the system such 
as motor frame-s, conduits, -and control boxes. Equipment 
grounding is required for the safety of • personnel , Equipment 
grounding connections should be of a low resistance, both to 
insure safety ani^Jj^ause high-resistance- junctions in equip- 
ment ground paths might result in arcs that ignite fires* 

System grounding is sometimes a controversial subject 
and nof all systems are grounded. However, most low voltage 
systems have some fprm of .system ground,' "Figure 5 illus- 
trates the 'transformer secondary connections of six systems 
With .system grounding. This figure also illustrates the sec- 
ondary connections for obtaining all common secondary distri- 
bution voltages. Figure '5c is the 4*80Y/277 V system used in 
most plants, (In a* grouflded Y system, the phase- to-»ground 
voltage is the phase-to-phase voltage divided by the square 
root of 3 ,) This system* provides 480-V, three-phase for mo'tor 
operation and 277-V, single-phase for lighting. 
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f. 3 -Phase. 4-Wire"DeJta-Connected 
Transformer! 120To208To240-Voit 
Service. 



Figure 5. Transformer Secondary Connections 
and System-Grounding. 



"Systems with delta-connected^ secondaries may also be - 
grounded throiigh a grounding transformer. This provides a 
system ground that is v not directly connected to one of'the 
phases. * s * 

The major advantage of ^system grounding is the ease with 
which ground faults may be located r .in the system. if $ ground 
fault occurs in a system without grounding, an unbalanced cur- 
rent is present in one of the phases\ . If *this current is much 
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smaller than the pjiase current, (a\d it often is), it is dif- 
ficult- to detect. In grounded systems^, .ground fault detec- 
tors in the ground line Qan detect even small, grdund currents. 
This is because, under normal operating conditions, the ground 
current is very small* or zero. 

The system may be connected to ground directly or through 
resistance. The direct connection is called^ solid groundling 
and is used on most low-voltage systems. This systems allows 
large ground currents for the operation of single-phase sec- 
tions <?f the system and for ground fault detection in other ■ * 
parts. A low resistance in the ground connection reduces the 
grcfund fault current, but allows a current high enough to op- 
erate protective relays. Low-resistance grounding is used 
nfainly in medium-voltage systems. ^ 

Jn high-resistance grounding, the resistance is chosen 
to limit 'the ground. fault current to a low value, usually 
less than 0.11 of the short-circuit fault current. . This is 
uspar lly <n the, range b£ ^to 10 amps. This current indicates 
the presence of a ground fault, but is not large enou^ to 
require immediate syste^ shutdown . This grounding system is- 
-used in low-voltage systems that require high reliability. 
In low-voltage systems, an SU^bmatic shutdown* due to a ground 
fault could cause equipment or product loss. Typical examples 
are paper mills and textile plants - where even a momentary 
interruption of power* on high-speed equipment causes a major 
' shutdown. Resistance grounding is lfmited to three-phase op- 
eration^and cannot be used if the system is to power single- 
phase equipment . 
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. , CIRCUIT PROTECTION DEVICES 

Two distinct types of circuit protection are .required 
in all-electrical "delivery systems. One"Vvejload is moderate, 
capable of 'damaging the circuit if it persists' - but not 
dangerous 1 for a shortrtime. The other overload is a large 
current surge, such as a phase-to-phase short, that can cause 
^major damage in a fraction of a second. Damage from these 
two type's of overload may be avoided by a single device - of 
by two separate protective devices. 

In selecting protective devices, five factors must be 
considered. 

1. „ - Voltage rat.ing of the system / The protective device 
<? r must be capable * of "interrupting the rated voltage. 
2-, * Rated load current of the equipment . The device must, 
-conduct ~the rated load current without interruption. 
'3. Load type , whether steady or fluctuating - or subject 
to surges,, such as^ motor -s£arti^ng. Th,e protective de- 
' vices for circuits wit;h normal surges must conduct those 
surges without opening, -fbut must open at the same .cur- 
rent levels if the over-Current- persists . 

4. Shoist-circuit current of the system . Many ; devices that 
'can irrterrupt moderate overloads cannot* interrupt short- 
-«ci-rcuit currents tha€ may be hundreds of times greater 

than the norma-1 circuit current. Th&y must be used in' 
• series with other devices that can interrupt the short- <■ 
' * circuit 'current, 

5. Coordination with other protective devices . "All cir- 
cuits will contain*. several protective devices. These 
must be timed to operate in a particular- sequence .' Thus , 
delay time between the fault and the opening of 'the cir- 
cuit protection device is an important 'considerat ion % 

\ . • ' \ < 
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Fuses are the least ^expensive protective deyices. Sev- s 
eral. fuse types are widely-used. Figure 6 show)/ three common 
fuse types. ^ 1 




a. One-Time Fuse 




b. Lag Fuse With ReplacaWe Link 



CS2 




c. Dual Sement Fuse 



V 



Figure 6. Fuses for- 600' V and below. 



One-time fuses (Figure 6a) have the shortest del^y time. 
They are the simplest arid least expensive fuses, but, they are 
not suited for .applications in circuits with ftrief , but heavy, 
overloads .. - A ojie^-time fuse that would withstand v the starting'* 
'surg.e' of a motor would be rated too high to provide protection 
from moderate overloads. . , 

Lag fu?es (Figtfre 6b) have longer time delays to ailoW 

for momentary^ surges. The wider portions of the fuse element.' 

act as heat sinks *for the narrower portions and delay blowing 

during the surge. If a large current .surge occurs, the he^t 
> 

cannot be conducted away fast enough and the fuse blows. 
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.Persistent mode-rate overloads heat- tjie whole fuse element 
until it -'blows. The fuses have replaceable links and are. 
^commonly used 'in motor circuits . 

v Dual element fuses (Figure 6c). contain two elements in 

serifes.* A time-delay element on .each end does not respond 
to surges, but will. open' if-moderate overloads persist. A 
fast-5cting> element in the center will carry moderate over- 
loads without bioWing - but will open • quickly in case of ,a 
large current surge/ This fuse provides both types of< cir- 

• cuit protection. § - 

Special current -limiting fuses (-not shown) are designed • 

"to open very- quickly in 'Case of a very, large current surge 

L T * 

rj-sulting from a short-circuit. They*are used .in -series, with 

other protective devices, usually circuit- breakers , when # these 
devices are incapable of interrupting' the^ shor/t-circuit cur- 
rent bef one/th'e circuit is. damaged. Current -limit ing fuses „• 
are commonly installed in both primary substations and load 

^ceTt^efs. t . 1, 

Fuses ^are always installed, in circuits with either cir- 
"cuit breakers or disconnect 4 switches before th,e fuse. When 
the fuse, blows^the disconnect device, is used to. de-en^rgize 

' the circuit in front of the fuse; thus, the fuse can be safely 
replaced wi'th no voltage hazard. Fuses should never be, in- 
stalled in a circuit before the disconnect device. 



CIRCUIT^EAKERS \ * m \ \ < 

Primary^substations^may incorporate oil 'or air-blast 
circuit breakers described in Module *PI-02 , /'Electrical'. Pp^er 
Transmission and Distribution. " At voltages of 13.8 kV and 
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below, two types of air circuit breakers may be used - depend- 
ing on curreat and voltage,. . - » r v 

At ^roltages up to 600 V, and current up to 800 A, molded- 
case air circuit breakers may be used. These devices are 
avilable in a wide range of sizes and in several configura- • * 
tions*. N • 

Figure 7 illustrates the 'construction and operation of 
a typical air circuit breaker. This device contains tWo*pro- 
tqcti-ve elements. A bimetallic thermal .elements is heated by 
current flowing through the device. It does, not respond to 
njome-ntary overloads, but opens' if moderate overloads persist. 
The magnetic element does not respond to moderate overloads, 

1 MAGNETIC 
ELEMENT 




CONTACTS 



BIMETAL ELEMENT 



-Figure 7 .. ^Thermal -Magnetic 'Mblded-Case 

C i r cuTE~~~Bre a k er>. _ . - 



but opens quickly if a shor.t -circuit occurs. t Most molded-case 
circuit breakers are of this type, although some contain, only 

one element or the other. These breakers ate also commonly 

* * * < 

used in resident ial* distribution systems. 
% - ° 

Figure 8' shows the construction and .operation of an air- 
magnet ic. circuit breaker- This type breaker is- available in 
-voltage * ratings* up to 13.8 kV^. Larger models carry, rated 
currents of 4,000'A and can interrupt currents as high as ' 
60,000* A. 
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TERMINAL- 
ARC CHUTE 
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BLOWOUT COIL 



a. Cloped Position of Breaker With 
Current Flowing Through the Studs 
and the Main Contacts 



BLOW- ARC . 

OUT TIP ARC RUNNER 
COIL * / 

b. Starting to Open, Main Contacts 
Part and the Current Shifts to 
Arcing Contacier and First Coil 



T 



Arc runner 



BLOWOUT 




Ym 



/ ARC /U^ ^BLOWOUT 



Anr BLOWOUT 

BARRIERS RUNNER COIL 



-PUFFER 



a Interruption Occurs as Arc *ls Driven Against Arc 
Splitters by Magnetic Action of Blowout Coils. 



Figure 8r 'Operation pf an Air* Circuit Breaker 
* * 



PI-03/.Pfcge 21 



/ 



As th$ contacts of the air-magnetic breaker open, an > 
arc is formed. Current flows thro.ugh this arc and through 
the fir^t blowout ' coil , The. magnetic field -produced by this 
coil .exerts *a 'force on tfre Electrons and causes the^ arc to 
expand into the ai*c chute. As the arc exp^ds , the current 
path include^ additional blowout coils. The arc chute. con- . 
tains arc splitters similar tt) the air-blast circuit breakers; 
larger models also, include a 'cylinder called a puffer that » 

'directs a momentary *pu\^f of air into the arc chute to assist 
in« quenching the arc, Air-magn^tac^jircuit breakers may hje 

^actuated by an internal current transformer or by a remote 
relay. ^ 



( 



RELAYS 



STATIONARY 



CONTACTS 



MOVABLE CONTACT! 



Relays are used with current or voltage transformers to 
operate circuit breakers from remote locations. Many types \ 

are available for a wide range 
of applications. Three common 
* types N are discussed here, \ 

Figure <T is a plunger-type 
relay, consisting of a coil 
with a movable plunger. Adju 
frin.ents are usually providfed to' 
sat the relay, to close at a de- 
sired current. When that cur- 
rent is reached, the plunger 
moves upward, closing- the sta- 
tionary contacts. Dash pots * 
may.be added to provide a time 
delay, A dash pot is a piston 





PLUNGER 



Figure 9, Plunger- 
Type Re^.ay, 
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a hole that moves inside a cylinder^ that is filled with 
ait or liquid.^ Tfre dash pot's resistance slows the action * 
of the relay. 

Figure 10 is a time-delay induction disk relay. The - • 
-operating mechanism is very similar to that of a watt-hour 
meter. Current -'carry ing coils induce eddy currents in an 
aluminum disk. Thfe magnetic fields of these currents inter- 
act with the fields 'of the stationary coils to produce a 
torque on the disk, causing the movable contact to' rotate 
against the stationary contacts. These relays have adjust- 
ments -for operating current and time-del^y. Both this relay 
and the pliinger-type relay are used for overcurrent and over- 
voltage protection. * Some relays, called definite time re.lays, 

A 
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are designed to close a fjteiL_a^set— del-ay^ for any value of 
^over-eurrie'ntT^Tnverse time relays are more common and close 
faster for higher currents. 

Figure 11 is , a balanced beam differential relay , 'This 
relay compares" two input signals and closes if the currents 
are out of balance,. The application of a differential relay 
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MOVABLE 
CONTACT 



fjs PIVOT /ARMATURE 



STATIONARY 
CONTACT 



' * OPERATING 
COIL * 




RESTRAINING 
COIL 



Figure 11. Balanced Beam ^Qi-ff erential Relay, 



for transformer ground fault detection is~ shown in Rigure 12, 
-A current transformer on the primary side of .the transformer 
\s> connected to the operating coil. The restraining coil 

receives current from a current transformer on the secondary 
-side of the power transformer. , * \ 



DIFFERENTIAL 
, RELAY 

J 



CURRENT TRANSFORMER 
DRIVING OP^AWWKCOIL 




PRIMARY 
• SECONDARY 



CURRENT TRANSFORMER 
DRIVING RESTRAINING COIL 



Figure 12- Differential Relay for Transformer 
Fault Detection. 
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-Durihg normal transformer operation, the restraining,, 
'coil holds the relay open. If a fault occurs in the trans-'j 
former, -the primary Current increases and the secondary cur : 
rent- decreases or rem^ns the same. The operating coil of 
the relay then- receives more current and the relay closes, 
tripping the circuit breaker and disconnecting the power 
transformer from the power line, % K 



OVERCURRENT PROTECTION * 



SELECTIVE 
TRIPPING: 
C TRIPS 

BEFORE B 



CASCADE 
upping: 
0 TRIPS 
BEFORE E 



The'most common application of relays and circuit break- 
ers is overcurrent protection. All electrical power distri- 
bution systems have more than one overcurrent protection de- 
vice in series, as shown in Figure J.3, Two types of time 
sequences may be used to trip these protective device's. 

In a selective trapping 
arrangement, only one relay 
is expected to open in case* 
•of a fault. Each breaker or 
fuse in the system rs capable 
of interrupting the. short- 
circuit current of the cir- 
cuit. If a fault occurs' past 
circ\ut*breaker C, this .cir- 
cuit breaker will open to 
isolate the fault. In selec- 
tive tripping, the breaker 
nearest the load operates ' 
the fastest. Each succes- 
sive breaker going back 
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SHORT 
CIRCUIT 



SHORT 
CIRCUIT 



Figure 13. Selective 
and Cascade Tripping 
of Circuit Breakers. 
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toward the primary Substation has a longer time "de lay . This 
is the preferred relay scheme for most applications because 
it isolates the fault with mirfimum disturbance to the rest 
of the system. * 

In a cascade system, the length of time 4 delay for short- 
circuits is reversed. Breaker E'opens to protect the circuit 
from moderate overloads, but is not capable' of interrupting 
the s-hort -circuit current of the system.- In case of ,a large 
current surge, breaker D operates more quickly than E.- This 
reduces the cost of the breakers - but results in a power 
loss in a larger, portion of the system if a ground fault 
occur s\ t J / * v ~ 



SUMMARY 

. * 

Industrial' electrical power distributiofi systems usually 
, include a primary substation and s.everal secondary %ubsta - 
tions, or load centers. Primary 1 distribution is accomplished 
at the highest voltage feasible in order to reduce current 
and, tlius , reduce loesses and voltage drop in the lines under 
load. The most common distribution voltage 'is 480Y/277 V. 
This-sys'tem provides efficient power ^disttribut ion for moder- 
ate-size, three-phase motors §na the 277-V, .single -pha,se ser- 
vice* pfovicled may bemused' ,for fluorescent lighting, • Plants 
with higher/power need|T may usV higher vqltages , and smaller 
plants may use 240 V o<r TINMf'. \ ^ * . 

Radial distribution schemes ate the most 'common, but 
systems incorporating multiple branches a'nd.'networks ifiay be 
( used 'to increase reliability. In all cases, s circuit protec- <% 
tion mus^- be prpvided for both moderate overloads and high- 1 
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current surges resulting from short-circuits. This is accom- 
plished by the use of fuses and air circuit breakers. 

Equipment frames and conduits are grounded for protec- 
tion of personnel. In most low voltage systems, the powerQ 
system is grounded. This provides more protection of equip- 
ment and circuits by making the detection of ground faults 
easier, * 




EXERCISES 



1. Draw and label diagrams of the following types of pri- 
mary substations: 

a. Typical radial distribution station 

b. Radial station with twin feeds from two power * r 
lines * 

c. Primary loop with a secondary tie circuit breaker 

d. Twin feed with a secondary tie ~ 

2. Draw and label diagrams of the following «feypes of 
secondary substations: 

a. Radial distribution 

b. Secondary Selective * 

c. Primary selective 

d. Network 

3. Draw and label the transformer' secondary connections 
of a 480Y/277 V system with a solid ground, 

4- Explain the reasons for the popularity of the 480Y/277 V 
system in industrial plants, 

5, . Describe circumstances in which a lower voltage dis- 

tribution system is preferred, 

6, Explain the following terms : 

a. System grounding fc , 

* b. Equipment grounding 

c. Solid grounding 

d. Resistance grounding ^ < 1 

7, Explain the advantage of / resistance grounding. 

8, List e and explain the five factors'to be considered 
wheji selecting circuit protection devices. ^ ' 

9, Describe the characteristics and applications of the 
following types of fuses: 

a. Lag, 

b. One-time ^ / 
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'c. Current -limiting 
d. Dual element * . 
\0. Describe the .construction, operation, and 'voltage 
ranges of the fallowing types of 'circuit breakers: 

a. " Air-magnetic circuit breakers" * 

b, Mol4ed-case circuit breakers 

11. " Describe, the construction and operation «of the follow- 
» ing types of circuit breakers: 

a. Plunger ■ , * . 

b. Time-delay induction' disk 

c. Balanced beam -differential 4 , - 

12. Explain the difference in selective tripping and cas- 
cade ' tripping of circuit protective devices. 



LABORATORY MAtERIALS 



Spiral notebook or clipboard^ 
Pen or pencil '■ t ' 



LABORATORY PROCEDURES 



The laboratory £6y this module consists of a field * 
trip tq' an industrial .power distribution system. The purpose 
is to observe the application of equipment and techniques 
described in this module in an- industrial' setting* Areas 
to'Ue examined include primary and secondary substations, 
protective deviees and systems, grounding methods, and locar 
tioh and types ^of conductors, # 

1. * Observe the primary 'Substation during the familiariza- 
tion tour- Sketch all components of the station and 
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list the specification' o£j§,ach comppneirt. Include . < 
the current and voltage -carrying capabilities o£ all 
protective devices and the. current: -interrupt ing capa-' 
bilities and time-delays o~f v all .circuit breakers. Re- 
cord all data in the field not-ebook. 

2. Observe and' sketch the compensates and arrangement of 
^/secondary 'substations . Include all equipment specifica- 
tions and connections . 

3. Describe the type and layout of conductors leading 
from the primary substation to the load centers. 

4. Describe J:he type and layout*o5 conductors leading 
from the load centers to the equipment served. 

5. Describe the grounding System us,ed~ and the methods 
used to detect ground faults.^ 4 ♦ 

6. After the cbmpletlon of the- field trip, prepares sche- 
matic diagram of the*- power distribution system. 'In- 
clude' the voltages 'ajid rated currents , throughout the 
"system and the equipment served by ea?h branch circuit, 

' Discuss the following topics as they apply^to this 
system and describe how they might be improved: 1 

a. fc Reliability , . . * 

b. Efficiency • * . .- 

c. Circuit protection „• ' ^ 




DATA TABLE^ 



0 o- » . 

Include a).l field notes in the field notebook or folder 

and turn them in with your completed report.*. n 

< < * - ' ' *' " • 
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TEST 



Please circle the appropriate answer. 

In comparing a^ 480-V and 240-V distribution system^ 
for the same load the higher voltage system 

a. operates at lower current, 9 ^ 

b. has tower^ voltage drops along the distribution 
lines, 

c . provides 120 -V, single -phase for the operation * 
of hand tools, 

d. All of the above are coVrecfT" 

e. Only a and b are true: 

f. Only a and c are true. 



r 



• In prima-ry distribution substations, the major component 
immediately preceding the large air circuit ^breaker 
is usually the . . , 

a. disconnect switch. * 

b. transformer. 1 

c. oil circuit- breaker. 

d. high-voltage line connection.. , * , 

e . ^Voltage regulator. 

.A tie circuit breaker on the main secorfdary distribu- 
tion bus ... 

a. is normally closed, so two transformers in'parallel 
^ supply power to the entire load. 

b. - is usually an oil circuit breaker. 

c. , may be. closed to power the entire load from one 

transformer if the other fails. . 

d. is included in most distribution systems, but may 
be eliminated. 

- e. Only c and d ar§ true.' 
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4. 



5. 



7. 



A secondary selective loa'd -center includes . . 
a, ' two step-down transformers. 

a normally- ope |h^tip circuit breaker in the sec- 



b. ' 

\ 

d. 



ondary distribution bus 

aijr circuit breakers on both tiffe transformer 
primaries and secondaries . 
Orily ? L' and b are true. 
Only b and c are true. 



A network distribution system with multiple feeders . . . 

a. * is the most common distribution system, in industry. 

b. - is less' expensive than theTprsj&ary selective sys- 

tem, but provides lower reliability. 

c. requires at least two transformers in each load 
center-. 

d. reduced the need* for circuit protective devices. 

e. ' None of the above are correct. 

All industrial electrical distribution sfstems in- 
clude ft p 
a. solid grounding. ,x * 
equipment grounding . 

system grounding. ^ j 
equipment and system grounding, 
resistive or solid grounding. * . 



b. 
c. 
d. 
e \ 



A.480YA277 V distribution system .;. 

a. has a phas,je-tfb-phase voltage of 277 V. 

b. lias fc a phase -to -ground voltage of 480 'V: , 

c. requires a solid [.ground . for the Operation o"f 
. fluorescent lights. 

d. 'AH of the^ above are correct. 

e. Hone of the above 'are correct. 



s. 
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8. 



11. 



A 



\ 



current -limi^iig_£u-se--.~ 

a . 



erJo; 



c , 
d. 



provides protection from both moderate overloads 
of long duration and short-,circuit currents'/ 
is .used' in series, with air-bfeakers when the 
breaker' cannot interrupt the short circuit cur- 
rertt . - " v - 

has replaceable" fuse links . 
is used in series with air breake-rs when the 
breaker cannot respond to long -duration moderate 
overloads . * 
None of-^the above are cprrect. 



Which of 'the following' fuses is never used in motor 
circuits? . ^ 



sa. . Lag ' 

b. Dual element 

c. One : time^ t * 

d. Current -limiting . % \ . 

e. - All may be used. . * ' . 

10. Molded-case circuit breakers . .. 

a", usually protect against both - moderate overloads 

and short-circuits . 
-b. can be usfed oaly at voltages of 480 V and below, 

c. are less 'common than air-magnetic breakers. ^ - 

d. B'oth a, a,nd b are true. 

e. Botfi a and c are true. 



iff 



Time-delay induction disk relays^ ... 

a. are used for overcurrent protection. 

b. are less complex than plunger relays. 

c. do not require current transformers. 

dr usually have no adjustments for current tivip 
^level'or time -de lay. * > \ 

,e. , Both a and d are true. 



> 
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12. Air-magnetic circuit breakers . . • ' 

a. ' are -available in voltages up to 35 kV. 

b. depend w up on a blast of compressed air, as well 
as magnetic blowout coi^Ls for their operation. 

c. are the most common typfes in industrial and 
residential switch boxes. * w 

d". • must be used in series with Current-limiting ^ f 

fuses. 4 ' f ' 

e. None Qf the above are correct. ' - 

♦ 
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ENERGY TECHNOLOGY 

/conservation and use 



ELECTRICAL POWER AND ILLUMINATION SYSTEMS 







^i^|g^]feipipTI|ICAL DISTRIBUTION 



^ ^ CENTER FOB OCCUPA 



LONAL RESEARCH AND DEVELOPMENT" 




INTRODUCTION 



This module, "Residential -Electrical Distribution, 11 
describes the characteristics of safe wiring systems based 
ori^Oi^ Nat ional" Electric Code and includes additional infor- 
mation oh the selection of wire sizes for efficient opera- 1 
tion. 

' The National Electric Code is a complete listing of all 
wiring practices* that are accepted as safe. Obviously, this 
listing is lengthy and cannot be discussed in detail sji this 
module. The intent of this discussion is to familiarize the 
student with general requirements pf the code and common 
practices used in residential installations. % 

Topics include circuit protection, circuit grounding, 
circuit devices and their installation, wire sizes and types, 
and acceptable wiring practices. 

In the laboratory, the student will construct a resi- 
dential branch circuit in accordance with the requirements 
af the National Electric Code. 



REQUISITES 



~ " 

The student should have completed Module Pl\o£, "Indus 
trial Electrical Distribution. 11 - 




OBJECT! 



' Upon completion *o£ this module, the student should be 
able to: m 

"1. Describe the intent and purposes of the National Elec 
trie Code afid Underwriters Laboratory. 



< 
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2. .Draw circuits containing the following switch types 
- and 'explain the operation of each: 

a. ' Single-pole switch 
^b. Double -|)ole switch 

c. _Three-way switch 

d. \ Four-Way switch 

3. Desc-ribe the color code of the terminals of outlets, 

4. Describe the 0 appearance 'and application of the follow- 
^-i^g 'types of fuses in residential circuits: 

a. Edison-base fuses ■ . 

• b. B Type S screw-in fuses 
c. Type SC cartridge fuses 

5. - Explain the meaning of the following symbols in the 

designation of wire types 

a. * T-coded wire * 

b. - H-coded wire 

c. W-coded wire 

d. * N -"coded wire 
e * ' R-coded wire 

'6. * Explain the importance of voltage drops in residential 
distribution systems. - Delineate drops in voltage that 
are considered acceptable. 

1. Identify t?he cbmposition and uses of common cable types, 
given their identification numbers. t ^ 

8. Describe- the general requirements for conduit and boxes 
used in residential electrrcal systems . v 

9. Explain the color codes used for wires in residential 
systems and the uses of wires o£ each colour. 

10. Explain th£ characteristics of the grounded conductor 
of residential systems and the characteristics of con- 
ductors used for equipment and component grounding. 
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Describe the Characteristics of acceptable splices and 
connections , • 

Draw circuit diagrams showing the connections and 
colors o~f conductors in the following circuits: 

a. Single-pole switch controlling an outlet with 
the source at the switch^ 

b. Single-pole^ switch controlling an outlet witji 
the source at the outlet 

c. Two three-way switches Controlling an outlet with 
the source at the outlet. 

d. Two three-way switches controlling an outlet with 
the source at the first switch. 

In the laboratory , construct a residential branch' tir-* 
cuit consisting of two three-way switches controlling 
an outlet. 
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SUBJECT MATTER 



CODES^AND TESTING LABORATORIES 

Residential Electrical attribution systems are re- 
quired -to meet certain standards\foj- safety and must be 
approved" by local authorities, Sucli approval is 'usually 
based on the Rational Electric Code and, the listing of r 
, circuit components by Underwriters LaboT^t^ojjy . Approval 
assures the %afety of the. system but does nb^ guarantee 
the*~ system f s efficiency, 

< 

• national Electric code 

"The National Electric Code (NEC)'i"SL_a list of rules x 
and regulations that establishes safe methods of installing \ 
electrical materials*. The NEC is published by the National 
Fire Protection Association and is the accepted standard 
governing al l^elect fcical work. The code is intended to 
assure \hat the installation is free of bath -electrical and 
fire hazards. It does not assure that the installation will 
be efficient , convenient, or adequate for the purposes in- 
tended. These tasks are the responsibility of the 'designer^ 

• The NEC is not the law. It becomes law only when it 
is adopted as such by local governmental enforcing authori- 
ties. Almost every locality has " an electrical code. Some 
adopt the NEC, while other state and local authorities pro- 
hibit some practices that are acceptable in'fhe NEC or impose 
additional restrictions. The practices described in thi$ 
'^module 'are in accordance with the National Electric Code'; 

' "\ 
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To be sure that all these' pract ices are acceptable in any 
locality, it is necessary to check" with local authorities. 

The NEC is revised and updated each, year. To ^ensur^ 
compliance, the most recent edition of the code should be 
consulted. The' National Electric Code is available from' 
the National Fire Protection Association, 470 A^l,antic Ave, 
Boston, MA 02210, 



UNDERWRITERS LABORATORY 

Th$ approval, of 'all installations is the responsibility 

of the authority having jurisdiction in the particular 0 ^ 

v locality. Materials used are usually approved on the basis 

of listing by an accepted testing laboratory, "Several suck ^ 

laboratories exist, but by far the most widely accepted is 

' Underwriters Laboratory, Inc, 
« 

• _ Materials -andr equipment items are tested by the labora- 
tory. Items that pass the tests are listed a§ safe a-nd bear 

- the words "listed by Underwriters Laboratory^ 1 or the symbol 
"UL," The laboratory does not approve items and does not 
certify them as to efficiency, convenience, or durability, 
A UL listing certifies only that the item is safe - if used 
as intended - and presents no electrical or fire hazards if 
in proper Working condition. ^ 

Two similar items/^ unequal quality may be^listed if 
eabh presents no hazards, UL does not rxst any products 
that are in violation of NEC requirements. 1 Many products 

are not listed by UL; these products .should not be us^d. 

* * * • * 
Moreover, most . inspect ing authorities 'will not approve items 

that aue not l^frtjgd. 
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CIRCUIT DEVICES 



Circuit devices- include switches and outlets. Types 
of toggle- switches include. the single-pole, double-pole, 
three-way, groundedy'duplex outlet, and the' screw sockeft. 



SWITCHES 

By far, the most cojnmon type of switch in residential 
circuits is the familiar toggle switch used to control 
lighting circuits, outlets, and certain built-in appliances. 
While all of these switches frave the same external appear- f 
ance/ four distinct types'are used. The internal' connec- 
tions of these switches and their applications in circuits 
are shown in Figure 1. ] ' 

* The single-pole switch shown in Figure la is the most 
common switch. It has two* terminals that are connected in 
the ON position and disconnected in the OFF position'. This 
type swftch is used to control most 120-V circuits th^t have 
only one switch. It is always installed'in the hot ' conductor 
Sirigle-pole switches are it%ver installed in the neutral • 
(ground' potential) conductor, v 

"Figure lb shows a doubTe-pole switch that disconnects 
both conductors leading to a load. This switch i? employed 
only when neither of the conductors is at ground' potential. 
Thisr*ype switch is almost never used in 120-V circuits but 
is cSmmon is ' 240-V circuits* since neither of the conductors 
is grounded. ''The words ON *arid OFF appeahr on the handle of 
"both single -pole 'and , double -pole switches . 

T^e switch shown in Figure lc is Called a three-way 
switch because it has three terminals and three conductors 
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SYMBOLS 



SWITCHE^'lN CIRCUITS 



Single- 
Pole 


Q 

1 

6 . 




<>!' 
o! 




ON* 


OFF 








*Dou6le- o 
Pole 


<5 0 




OjO 

oTo 




ON . 


OFF 



NEUTRAL ! \L 

SOURCE * , ( J 

H0T cr^o y 



3 



c Threfr- 
Way 



O 0 

(ZED 



QO 
(lb 



NEUTRAL 



0- 



d> Four- 
Way 



9 9 
i i 



C A 



0 B 

3 



Q 0 



c 

D 



NEUTRAL 




FOUR-WAY 



THREE-WAY 



O— O 
O— 0 



THREE-WAY 



f 



Figure ' 1 • Switches . » 

connected to it. The jiame is somewhat misleading, since it 

-> s> ... 

implies that the switch has three positions or can be used 

I 

to control a circuit from three locations. This^is' not the 
case.^ This switch" is actually a^ double- throw switch that 
connects one conductor to either of two other conductors. 



0 
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Such' switches are used to control a circuit from two separate 

* ' < ***** . < < „ 

locations, as shown'in the circuit a-iagram,. In this circuit, 

* either sftitch <^an v turn the circuit ON or OFF regardless -of 

the position Tof the other switch.* The position of -the ter-^ 

$ lu- 
minals varies with nTanuf acturer§ , In most cases, the termi.- - 

*nal 'connected to the, movable portion of the switch is a, dark 

or oxidized color ('for identification). Three-way switches 

*are used only in ^he hot conductor /-and.-an incorrect connec- 

' tion will make the switch inoperative '(either/pN_qr_OFF all 

the time) -but will -present no hazard. 

The four-way switch shown in Figure Id has- four termi- 
nals like the double : -pole switch, but like the three-way 
switch, the words OFF and ON do not appear .on the handle. 
This switch connects* either teminals A to B and C to D or 
A to D and B to C, It use.d with* three-way switches when 
a circuit is to be controlled from three locations, as- shown 
in the circuit diagram, • 

Additional* four-way switches may be added -between the 

two three-way switches for* more control locations. The * 

Location and identification schemes for four-way switches 

vary with manufactures, but there is no hazard involved in 

an incorrect connection,' If the terminal arrangement is- 

'unknown, trial and error may be used until the 'circuit func- 

i * * 

tions properly, m 

In addition to the terminals indicated in Figure 1, all 

new switches have a terminal (that is color-keyed green) for 

grounding the switch, mechanism (for, safety). This, terminal 

is always connected to the system ground. However, some 

older models may not; have this terminal, *, 

v • •/ 
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OUTLETS - ' 

An outlet is defined as M any point at which the elec- 
trical energy is taken from the wiring system for applica- 
tion. " Figure 2 shows a common grounded duplex outlet. The 
M two vertical slots in Ae outlet carry the current. The 
rounded lower opening in the socket* is for a grojund connec- 
tion and nc>rmally does not carry qurrent . It is connected 
to the g.reen ground terminal that is connected to the system 
ground. As explained previously, many 'older outlets do not 
include the ground connection, t When such an older outle-t- 
is. replaced/ it should be replaced with a grounded outlet 
if — and only if — tire ground~terminal can be connected to 
the. system ground. 




4 s / w 

WHITE SCREWS (NEUTRAL) <T. * f\ ' I O BRASS SCREWS (HOD 



/. 




Figure 2. Grounded Duplex Outlet. 
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« The current-carrying conductors of the circuit are 
connected to the terminals on the side ef the outlet* The 
hot (black)' wire is connected to the* brass screws. The 
neutral (white) wire is ^connected to the screws that are 

plated*^±Thna"^5±tver" or ~whitrsiik uretfti - .— — — — -— 

♦Most outlets have two t ernm rais on eaCh sid*e so that 
wires may be run from one outlet to another. These terminals 
are usually connected internally. However, in s.ome outlets, 

'terminals are separated so that one portion 'of the outlet is 
wired directly to: the power source, while the other is con- 

" trolled" by "a switchT \ 

Although not required by the NEC,^ it is common practice 

to mount the outlet with the ground opening at the top'. 

When a power cord" is plugged-into an outlet only part way, 

the upper conductors are, usually 'exposed . If the current- *^ 

carrying conductors are on -top, a metal object could fall 

across them and result in a short . circuit , Placing the 

* 

grounded conductor on top prevents this., • : 

Another common outlet .type is the screw socket used 
for incandescent lights. Screw socket outlets have terminals 
*wdth color-coded screws like duplex outlets. 



CIRCUIT PROTECTION . 

Circuit protection 'devices are required- for the main . 
service entrance and for each branch circfiiit in residential 
installations,' NEC rules require that ajl electrical power 
be disconnectable by not more than six disconnect devices. 
Many local codes require that all power feed through a single 
main circuit, breaker or fuse switch combination, afod t<his is 
the more usuat^fract ice i The code also requires that not 
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more' thai* , 42 oyercurrent ^devices be contained in one panel- 
board. However, most residential distribution systems con- 
sist .of considerably fewer circuits. \ 

Circuit protection can consist o£ fuses^ or circuit 
1 breakers . : Many older installations employ EcLison- t<ype fuses 
with screw bases that ar$ compatible with an brdinary light 
'bulb. These are available with ratings of 15^ 2*0, 25 > and 
30 A'. The code requires that fuses rated at 15\'A'have a* * 
• hexagonal face or window .> Larger s'izes must ha^e a round 
- face or window. These fuses r are permitted only in existing 
installations. E'dison-type fuses are never installed^ in -new . 
systems . ' . . t 4 

Type S fuses are also screw-in fuses, but the base of 

'each rating is a different size to prevent replacement witjy^ 

* I* \ 

th-e improper size fuse. Thesie fuses scffew into adaptors 

that are /permanently installed in 'the Edison-type fuse _ 

holders. Type S fuses are available in the same amperage 

^.^j^tings with different adaptor and base sizes '(except-' for 

~~ Zl and 30 A fuses,, *Vhich have" the same sl*e base). . \ 

^Cartridjge fuses are used of over 30 A ^and 

are also popular fop -lcfwero?^t ings . These are available in ' 

several types, "as de^ribed .in Module PI -03, "Industrial^ 

\ Electrical Di stribut ion. M Cartridge /fuses may be used in 

series with switches or in pull-out blocks that disconnect 

£he circuit wjien the block is removed from its socket. -\ 

> # Branch circuits are often protected by type SC cartridge 

fuses in "series with disconnect switches. In such ca£es, the 

disconnect switch- always precedes^the fus^e in the circuit. 

TKe switch and fuse holder are often contained in a single" 

housing with a nebn bulb that lights tov indicate a blown 

s fjise^ ' Like, type S. fuses, SC fuses haVe different sizes for 

different ratings; they cannot be interchanged." 

\ 

• \ . j. > . . - . 
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The most common circuit protection devices in residen- 

» . * 

tial use are thermal-magnetic air circuit breakers , also 
described in Module Pl-03. These breakers are mounted, so 
that the handle is in tke UP position when the circuit is 
complete, as shown in* Figure 3.* When the breaker trips, 
the handle moves to the 'MID position. To reset the breaker, 
it is 'nepessary to move the handle - downward pas*ty the OFF 
position ^nd then bacdc up to the ON position. These breakers 
are available in standard sizes from 15 to'200 A that are * - 
designed' to snap into standard breaker bo^es. 



Figure 3. Operation of 
Single-Pole Gircuit Brfeaker. 




WIRES 



Three types of wires have been used in residehtial in- 
stallations. Aluminunt and coppei*-clad aluminum wires have 
'been ujsed in the past and are still approved for a few 
applications. However, v ,these Kite types are fire hazards 
when uSed withr standards-connectors and are no longer in- 
stalled in residential circuits.*- All new,:construction 
employs copper conductors.' Ofily copper #ires will .be dis- 
cussed lin this -module* - - s - ! - 



A* 
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. WIRE SIZES 

Wire sizes' are measured in terms of the American Wire 
Gauge. Figure 4 shows the diameters of the conductors of 
several common wire sizes. Even-numbered sizes from 4/0 



2/0 t/0 2 4 6 8 10 12 14 16 18 



Figure 4. Actual Diameters of Typical Sizes of 
Electric Wires, Without Insulation. 

(pronounced "four-naught") to 14 are commonly used,, in resi- 
dential distribution systems. Larger sizes are standard 
for greater flexibility. The current rating depends, in 
part, upon th~e ^Tze~oT~wire"." However," current rating also 
depends upon the insulation type and method of installation, 
as^hown in Table 1. 
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TABLE 1. AMPACITY OF COPPER WIRES. 





In conduit,, 
directly 


cable, or buried 
in the earth 


Single 
in 


conductors 
free air 




Types 

T TW UV 


Types RH, 
Krm , 1HW , UoE x. 


* Types 
T, TW 


Types RH, 
RHW, THW 


W£re~- 
Size 


(A) 


• J 

(B) 


| (C) 


(D) 


14 


15 


15 


20 


20 


12 


20 


* 20 


25 


25 


10 


30' 


30 


40 


40 


8 


■ 40 


45 


55 


"65 


- 6 


55 


^ 65 . 


80 


9* » 


4 


70 


,85 


105 


\'l25 


2 * 


95 • 


115 


140 


170 , 


.1/0 


125' 


150 , 


' 19 5 


230 


2/0 - 




175 


225 


265 


3/0 


165 » 


200 


'260 
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INSULATION TYPES 



Many types of insulation are used cja wires. Only common 
types are discussed here. Wire types used in residential 
appl\^fStions are rated for 600 V, The current rating of a 
wire .vis proportional t*o the insulation's resistance ^to he^t . 
This is -because it is impossible for an electric current to 
flow through a wire without heating the wire. The heat of 
the *wire can damage the wire's insulation, 

• » 
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Each wire type is also rated by the maximum temperature 
that the wire can withstand. Ratings are from 60°C (140°F) 
to 90°C (194°F). These are the actual operating temperatures 
of the wires and not- the ambient temperature. Wires with 
the symbols H or HH %n their designation have rated tempera- 
tures of *75°C or greater. Those without these symbols are 

rated at 60°C. ' 

The NEC defines three types of locations for the in- 
stallation of wires'. Locations include .those that are dry, 
those, that are damp, and_those that are wet. Dry locations 
are not normally subject to moisture, such as interior wir- 
ing. Damp locations, such as basements, are partially pro- 
tected b^ut may be subject to dampness. Wet locations, such 
as underground cables, are subject to saturation with water. 
Wire types with the symbol W in their designation may be 
used in any location. Those without this symbol are used 
in dry locations only. 

The most commonly used wires are types T, TH, and THW. 
These wires have thermoplastic insulation. Types THHN and 
THWN have plastic insulation with a nylon covering. The 
nylon provides better insulation and greater mechanical 
strength ^ftd results in a smaller diameter for the same con- 
ductor size than type-T. 

Wire types\>eginning with the symbol ,r X" have synthetic- 
polymer insulation\ and require an even-thinner layer .of in- 
sulation. At one/time, all wire for general lose had rubber 
insulation designated by a beginning symbol, "R." Although 
this wire type is' not popular today, some is still used. 
Several other types of -insulation may also be used, but they 
are less common. The NEC contains "tables specifying the 
conditions and limitations of' use of all types of approved 
wire.. 
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CABLES * ' ' 

* » 

Two or more wires grouped together in a single covering 
are called a cable. Cables are popular for presidential in- 
stallations because, they are usually -easier to install than 
singlp wires, and do not require the use of conduits^ for many 

4 

applications;. 

Cable size is designated by the size 'and number con- 
ductors it contains. Thus, a 12-3 cable has three size-12 
conductors, feach with individual insulation. Many cables 
contain two insulated current -carrying wires and a bare ^ 
ground wire*.- A 10-2G cable has two insulated number 10 con- 
ductors and 'a. bare number 10 ground wire. 

Figure 5 sfrows three common types of cable. Nonmetal- 
lic-sheathed- c^ble, type NM (Figure 5a), contains two or 
three insulated 'conductors and may or *may riot have a bare * 



PLASTIC 
SHEATH 

PAPER 
OVERWRAP 

*. BARE 
y GROUNDING 
WIRE „ 




14-2G TYPE NM 



a. Nonmttalllc-Shtathtd Cable for Dry Locations 



^vL.« BARE 
^P" *— GROUNDING 
ygj WIRE 




14 - 2G TYPE NMC 



b. Nonmetalllc-Sheathed Cable for Wat Locations 



BONDING STRIP 




o. Armored Cable 



/ - 



Figure 5. Cable Types. 
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ground, * The wires are wrapped together with a paper wrap 
and covered with a plastic sheath. This is the most common 
type of cable for dry locations. It is used 'for most resi- 
dential installations, j V * \ 
Type NMC (Figure 5b) is another nonlnetallicrshe^thed 
.cable. This cable ty£p has conductors that are embedded^in 
a. solid plastic covering/ Nonmetallic-sheathed cable; type 
aNJMC, can be, used in either dry or damp locations. It should 
not be used in wet locations or buried in the ground. Type 
• UF underground feeder cable is similar, in construction but 
may be buried or used in wet locations, * % 

Armored cable (Figure 5c) has two or three , conductors 
inside a spiral armor , of galvanized steel, E,ach wire is 
wrapped in a layer of paper to protect it* from abrasion by 
the metal armoi^^Armored cable does not contain a bare 
conductor, but "a sTrip^crf^Tluminum is included inside the 
armor to improve the grounding capability. Armored cables 
are designated as types AC or ACT, although the trade symbol 
\ BX is also commonly used. 



SELECTION OF PROPER WIRE SIZEi 

. . It might seem that the only consideration in selecting . 
wire size is that the wire be rated to caorjy the current 
expected in the circuit. However ^ several other ' factors 
must be considered ^ 

*0For continuous 'loads of three hdurs or more, the NEC 



limits the current of any cdnductorltb 8Q% of the rated 
current , • 
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'When three of more current-carrying conductors are 
contained in a conduit — or when the ambient temperature 
exceeds 30°C (86°F) — the ampacity of the wires is also 
de-Iated. 'Therefore, larger conductprs may be required, 

iThere is always some voltage drop along conductors in 
any (distribution circuit, * A voltage drop of 3% on the 
branch circuit conductors at the farthest outlet, or a total 
drop ok 5% on both the feeder and branch conductors, is con- 
sidered excessive and leads to inefficiencies. Not only is 
a significant amount of power consumed in heating the con- 
ductors, 1 but most electrical devices are less efficient at 
lower voltages. ^ If an electric motor is operated at a volt- 
age. 5% below its ra^ed voltage, its power drops almost 10%, 
At a 10% voltage drop, the power drops by 19%, An incandes- 
cent bulb operated at 5% below\irts rated voltage produces 
J6% less^lMht; at a voltage drop qf t l O%, the light output 
drops over $0%. 

In residential circi^its, the^ feeder lines are sized to 
produce a maximum voltage drop of 1 to 2%. Branch circuit 
conductors are normally sized to prpduce a maximum voltage 
drop^ of another 21, and the total drop should not exceed 3%. 
For branch circuit lengths of more than abdut 50 feet, the* 
conductor size qiust be increased to prevent an objectionable 
voltage drop . 

The National Electric Code contains tables for deter- 
mining the proper-^size of conductors fox* a variety of appli- 
cations and branch- ctrduit —lengths^ 

v • A \ • . 
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BOXES AND CONDUIT .'. 

The following discussion centers on boxes, conduit, 
and sizing conduit and boxes. 



BOXES 



All circuit devices, such as switches, outlets, and 

breakers, must be mounted inside metal boxes. -Figure 6 

shows two switches "mounted in a box,with the cover plate 

removed. Such boxes are available 

|/| in a large range of sizfes and shapes. 

These boxes have knock-outs of 

several standard sizes for connect- 

§ 

— ing^-conxiijri-t-oi^ cable clam p s. If t-lve — 
conductors leading to the box' are 
contained in conduit, the conduit is 
electrically connected to the box 
•to provide a ground. 

If cables are used, cable clamps 
hold the cables securely in place 
and the ground conductor of the cable 
is connected' to the box. In either 
' Case^ the green grounding .terminals 
of the components contained in the box are grounded to the 
box. .Any knock-outs that have been opened but are not in 
use must be plugged with caps. All wire and cable connec- 
tions are made inside such boxes. Wires to be connected in 
boxes must extend six inches into the box for easy connection. 




SWITCH 



SWITCH 



Figure 6. A Square 
Box with Two Switches 
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TYPES QF CONDUIT 



In many cases, the current -carrying conductors are 
contained inside metal conduits. Three types of conduit ( 
may be used. 

Rigid metal conduit may be made of iron or -aluminum. 
Iron and aluminum should never be used together because the 
junctions of dissimilar metals may result in corrosion and 
poor electrical contact. Rigid conduit is available in stan- 
dard lengths of ten feet, with threads on both «nds. 

When the-donduit x is cut to length, the inner surfaces 
must be jeamed to. prevent .damage to the conductors. Conduit 
may be -connected only with approved connectors. It m^st be 
firmly mounted within three feet of each outlet box. The 
code allows no more than the equivalent of f«ur 90° bends 
(360° total) between cutlet . boxes or' fittings. The restric- 



( 



tion on bends is to limit the stress on the wire during this 
operation. ^ , , 

Conduit is installed first -.and the wir^s 'are pulled 
through it. The conduit is connected t'o the boxes by special 
connectors, as shown in Figure 7. A, locknut on the outside 



Figure 7. Cross Section Showing 
How a Locknut and Bushing are ' 
Used to Anchor Conduit to any 
Box or Cabinet . 



LOCKNUT 
BITING INTO 
BOX 



CONDUIT 



LOCKNUT 

Wall of box 



NOTE 
BOUNDED 
SURFACE 
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o£ the box assures both mechanical' strength j&gd good elec- 
trical contact. The internal bushing has a rounded surface ^ 
to prevent "damage to the insulation of the wires. In all 
systems employing metal conduit;, the ^conduit provides the 

.electrilal ground path,.* 9 , 

Electrical metal tubing (EMT) is. similar to conduit 
and may be used in most of- the same applications, EMT has 
a thinner wall than; rigid conduit and cannot be threaded. 
Connectors for -EiMT apply pressure to grip the tubing. Only 
canriectors designed for that purpose may be. used. All the 

es applying to the use- of rigid conduit also apply to 
the tubing, . 

Flexible metal conduit is similar in construction to 
the outer covering of armored cable. It is used wfrere 
vibration exists' —/such as in connections to motors aH^i 

-ntae hincr y^ — and may — aJLso b e us ed- to mak-e sh o^ t radius bends — 
that cannot be m-ade N - witi^rigid conduit. Liquid-tight flex- 
ible conduit for'wet locatito^s has an outer plastic covering, 



SIZING CONDUIT AND BOXES , 

The NEC allows conductors of different electrical cir- 
cuits to occupy the same conduit as long as ,all voltages . 
are 600 V or less, rThus, a single conduit may contain sev- 
eral circuits with iseveral different voltages. In alL, cases, 
* the conduit size is pased' o^ a maximum fill of 40%,, This 
means that the total (^9^Qss sectional area of tlifc wires in 
the conduit, including insulation, cannot exceed 401 of the 
area of the conduit. ' In many cases, the conduit is over- \ 
siz-ed to allow fou easier pulling of wires. and to provide ' 



for the addit fon"*"of future circuits. 
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Junction boxes lire sized to prevent ^rtrwfling o£ the 
conductors in the box* The size used depends on the number 
and size of conductors in the box, A conductor passing 
through a box without & splice or tap is counted as one 
conductor. and each conductor that is, tapped or spliced to 

another conductor is "counted as "one conductor. Tables 

> 

specifying the sizes. 'of boxes for various applications riiay- 
be found ^in the NEC I 



WIRING PRACTICES 



The discussion about wiring practices that follows 
concerns color codes, grounding, splices and connections, 
and circuit connections . • • < 



COLOR CODES ' ' ^ ^ 

■ V . . ■ 

Wire for residential , use is color-coded for e^tsy iden- 
j:ification of 'individual wtres when several, conductors are 
bundled together. The following colch^ combinations are 
commonly used when .indi^rdual wires are placed together in 
a single conduit and for^ie individual conductors within 
cables^ 

• 2 wires — white/ biack 
* a • 3 wires/- whi^Fe, blafete^red 

• 4. wires -;*{hi1»e, bl4£L, red,\blue 

• 5 wires - white, bl^ck 4 , 'red, blue, yellow 

Insulated grounding wires are always green (or green with 
a yellow stripe) and' should be used for, no other purpose. 
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GROUNDING , " 

All residential electrical systems are grounded systems/ 
(System and equipment 'grounding are discussed in Module 
PI-03, "Industrial Electrical Distribution, ") -In 120-V cir- 
cuits, one of the conductors is always at ground potential . 
This conductor is .grounded both at the distribution trans- 
former and the service entrance. If the grounded wire is 
size 6 or ^smaller, it must be either white or gray thrtugh- 
out its length. If larger than number 6, it must h$Ve the 
same white or gray color, be painted white at each terminal, 
or be taped with whit£ or gray tape at each- terminal . The 
only exception to the use of the wliite wire as the grounded 
wire is in s$)me* -switch loops 'as described later in this 
module . 

The grounded wire rs neve r inte rr upted by a ci rcuit ~ 
breaker, fuse, switch* or other device. All grounded wires 
in a system are connected directly to the system ground. 

Grounding wires 'for equipment and /switch and outlet 
ttoxes are usually bare. If they are insulated, they must 
be either green or green with a* yellow stripe. In systems 
employing conduit", the conduit acts as *the*grounding con- 
ductor. All outlets and switches in new construction must 
be connected to a continuous grounding system that is tied 
to earth ground. , - 



SPLICES, >AND CONNECTIONS^ 

* 

" All splices and connections in the system must be both 
mechanically and electrically secure. The. ejnphasis is usu- 
ally on mechanical strength, as this also assures good eVec 
trical connections. ' 1 
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Wires may b'e spliced, as shown in Figure 8.' Splices 
must be contained ii> boxes where they are accessibly and 
cannot be located inside conduit- or cable runs. In all 
cases, the splice must be both electrically and mechanically 
secure without solder. Solder is applied, only to prevent^ 
oxidation' of the conductors. The conductor must be entir-ely 
' covered with an insulation equivalent to that of .the conduc- 
tors. Plastic tape may be used, or Jjle splice may be .wrapped 
with rubber tape with' a covering of friction tape. 



WESTERN UNION 1 
SPLICE 




SMALL WIRES SPUCED 
AT AN OUTLET 



m 



SOLDERED JOINT 



Figure 8, Splices and Joints Mechanically 1 
and Electrically Secure, 

r >■ . ; • 

The most common way of connecting wires in residential 
systems is with wire nuts, as shown in Figure, 9 1 These are 
plastic caps containing a 
threaded conductor or a spiral 
spring. The straight, bare 
ends of the conductors are 
held together and the wire nut 
is screwed onto^ki^fn. Wire 
nuts are available i^i several 
sizes. The package containing 




Figure 9, Wire Nut 
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each size specifies the gizes and ftumber of conductors for 
-which that wire' nut may be used. , , 

^ P^jgure 10 shows h'ow tq connect conductors to terminals. 

\ Wire must be looped in the 1 proper direction so that tighten- 
\ng the screw will tend to close the loop. Wire must extend 
~~ at least two-thirds of the 

distance^around the screw — 
but may no€ overlap itself. 
The bare conductor may not 

extend more than ohe-quarter 

t 

inch from the screw. The < 
insulation should be cut i 
at an angle of about 60°, ; 
as shown in both Figures 9*. 
and 10. The scretf must be^ 
tightened until it -grips 
the conductpr securely^. Wires may end a-t the terminal or 
be looped around one terminal and extend to ano_ther terminal. 




Figure 10. Connections of 
Wires^to Terminals. 



CIRCUIT CONNECTIONS 



9 

ERIC 



All circuit outlets must be connected with a white wire 
as the ground wire and some other color (usually black) as 
the hot conductor. Duplex outlets are usually made-with 
two screws on each side so that wires caif^be run from one 
outlet to' the, next in the circuit. ' In such cases, hot wires 
may be-connected- to the terminals, as shown in Figure 10a, 
N The ground wire may not be broken at the outlet. It n^y be 
connected as shown in Figure 10b. 
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A bVttfer way to ctffwiect the gjoujid wire is sho^n in 
Figure- 11a, This\figure shows a duplex outlet servedK t>y 
two separate hot wires and a single ground wire. The cir- 4 
cuit also includes other outlets'. In all cases, the ground 
wire must be uninterrupted by any circuit devices. The 
connection shown in Figure lib is forbidden-s 



BLACK 




a. 
♦ 



WHITE . 
NEUTRAL 




BLACK - 



WHITE ^ 
NEUTRALS 



Figure 11, Connecting the Neutral, in & Three-Wirfe Circuit 



The only ca^e in which -the ground wire may be any color 
other than white or gray Is in switch lo^ps^ Figure 12 shows 
two methods of connecting switdh loops containing a single 
.switch and outlet. 

If the switch is located at.the source as shown in Fig-' 
ureCl2a\ it is installed in the black *(hoy) wire. The con- 
tinuous white wire extends to the outle^r The hot wire is ^ 
interrupted by the switch, but the ground wire is continuous. 

Figure^ 12b shows the connection of this circuit when 
the light is at the source. The switch, loop of this circuit 
t«iii^ins a white wire that is not a ground wire. This is 
acceptable when cable is used for the switch loop. At the. 
cfatlefj the ground wife is fthite and the hot wire (fram the 
switch) is blag^k,* 7 f 
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WHITE 



LAMP 



CABLE* 



WHITE 




SOURCE 



a, Ftcd at Switch 



BLACK 



WHITE 



""""" 



SOURCE 




WHITE 



b, Fod af Light 



Figure 12. Single-Pole Switch Connections. 5 

This conforms with the rule that the ground wire must 
<J}e white, at each out^.<t\jand the hot wire must be another * 
color. The enable used for the switch loop contains one 
white wire and one black wire, but neitheiT^f these" wires 
is at ground potential. All wires to switches in residential 
cireuits are hot wires, regardless, of color. This arrange- 
ment. allows the use of standard cables 'in switch loops. 

Figure 13 shows a circuit connection with three-way 
switch control. The source is at the first switch. In'this 
case, the continuous white conductor extends to the lamp 
outlet; the switch loop is comprised of the black and red 
* conductors . . * 
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CABLE 



WHITE 




t 

WHITE/- WHITE WHITE* WHITE 



amummumuw 



umumumuuuw 



uwwwwvww 



SOURCE 



BLACK 



LAMP 




-RED 



RED BLACK/Prr' 
BLACK Ml J BL * C * 



Figure 13. Circuit with* *Three-Way Switch Control, 

Feed at the First Switch Control Poirft. 

- • ... 

j, * 
Figure 14 is a similar circui^t with the source at* the 

lamp. °At the lamp outlet, the white wire is the ground wire 

and the black wire^i s the hot ^conductor from the switch loop 



BLACK 



SOURCE 
WHITE 



WHITE I BLACK 




CABLE 



Aiiuuuvumuwn] 



RED-*. 



WHITE 
«|«3 S : 




WHITE 



BLACK 



Figure -14. Circuit with Three-\^ay Switch Control, 
Feed at' Light ; 

As in Figure. 12b, the white wire is usfed as a* hot wire in * 
the switch loop. The circuit is connected in such a way 
that the^outlet is sferved by a white ground wire and a hot 
wire of Another color (usually black). ' 

The /only situation in which "Vhijte wire may be used for 
any purpose other than' a< ground wire is in switch loops. 
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Summary 

The National Electric Code specifies the methods of 
installing* electrical equipment to ensure that* the finished 
job is safe. Underwriters Laboratory tests equipment and ^ 
lists equipment thatj'passes minimum safety standards. Local 
codes are usually based on the NEC and *U1 certify for use 
only the equipment iisted by UL.>\ . 

■ Important safety features of all residential electrical 
systems include the following: . . » 

• The main service entrance and each branch circuit are 
protected'by either fuses or circuit breakers in the 

Jtiot line. 

- v All switches and protective devices are installed in 
\he hot wires. ' . 

• The ground wire is white and contains no circuit de- 

vices. 

• Each outlet is served by a white ground wire and a hot 
wire of another color (usually black) . ; 

• Each size and type of "wire is used only for applica-, 
tions for which it, is approved by the NEC. # ■ 

• All circuit'* devices must be contained in approved boxes. 
• . A grounding system composed of bare wire, insulated . 

wire that is green or green with a yellow stripe, or 
continuously connected conduit, is used to ground all 
• circuit cfeviCes^. * , 

• All splices and connections must 'be made in an approved 
manner to assure_ safe operation of the system. 
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EXERCISES 



1. Draw circuit diagrams of the following switches in' 
residential circuits* 

a • Single-pole 

b. Double-pole - 

c • Three-way / ' — 

d ; Four-way / 

2. Describe the application of double-pole switches in 
residential circuits . / 

3. Sketch a diagram of a duplex outlet. Identify the 
colors of the terminals and sp^Lfy the colors of wire 
that may be connected to each terminal.^ 

4. Describe e.ach- of the following fuse types and their : 
applications: 

a, Edison-base 

b • Type S . , 

c- Type SC , , 

5. Describe the characteristics and uses ef-the following 
wires and cables: 

a/ T " ( 

. b. THWN 

_ c. 12-2G type NMC . , " 

d. 10-2G type UF , ; / % 

e • " 14-3 type ACT 

6. Explain how voltage drop affects the efficiency of 
residential circuits and the devices used on* those 
circuits • 

7. List the conditions under Which the ampacity of a con- 
ductor must be de.- rated, ******* . , • « 

8. Explain the difference in a grounded conductor and a 
grounding conductor in a resident ial Circuit . - • 
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9. 
10. 

11. 



Describe three types pf. conduit that may be used in- 
residential circuits. 0 
Describe the characteristics' of acceptable splices in 
conductors. .Include the purpose of solder and the 
insulation requirements of splices. 

Draw circuit; diagrams of the following circuits. In- 
clude the grounding conductors: 

a-, Single- po-te; switch -ccnrfnr&tt±rrg~^Ti~o at Te~tT~wi th" 

the source at the switch, 

b. Two three-way switches controlling an outlet^with 
the source at 4 the outlet, 

c. Two three-way switches and a four-way switch con- 
trolling an outlet with the source at the first % 

- switch. Assume- that four-conductor cable is used 
to connect the four-way switch and include an 
acceptable conductor arrangement. 



LABORATORY MATERIALS 



Grounded power cord (14-3) 

Three boxes for mounting one switch or duplex outlet ^eachr 
Two three-way switches 
One duplex cmtlet 
Five cable dlamps for boxes 
Five feet of jl/4'-ZG type NM or NMC cable 
Five feet of 14-3G type NM or NMC cal?le 
-Wire nuts for connecting two number 14 conductors 
Screwdriver 

Wire cutters and strippers 

Desk lamp, radio, or other low current device to be operated 



on the cons'tructed circuit 
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LABORATORY PROCEDURES 



1. Construct the circuit shown in Figure 14 using the 
materials provided and following the procedures out- 
lined in the Subject Matter* The source for this cir- 
cuit is the grounded power cord* Install the end of 
the cord 'without the connector in the lamp as if it 
were- -a- standard -cabl-e — — *~ - - 

2. Connect the green conductor of the corfl to the. bare 
ground conductor of the cable, and securely ground each 
circuit device in an acceptable manner, 

3. Check all terminal connections to be sure they are made 
in an acceptable manner and that the correct wires are 

^ installed on the proper terminals. 1 , 

% x 4. Follow the ground (white) conductor through the circuit 
to the outlet. Be sure the ground conductor is unbroken 
and contains no circuit devices. 
5.* The instructor should check the student's circuit before 
thg ]Dower .cord i^s plugged in. 
'6. Arter tftK instructor approves the circuit, plug the 
*\powei* cordKinto a 120-V outlet and plug the device to 

^ b-e^gperated---iivto^t he -duplex -outlet . -Operate the cir^ 

- cuit and check for proper operation. 
7'. Draw a detailed circuit dia'gram in the^Data Table. 

Include the connections ^of' tHe grounding wire and the ^ 
power cord. . , t 

8. Describe the operation of the circuit and each circuit 
component in the Data Table. 
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DATA TABLES 



DATA TABLE. 



CIRCUIT 'DIAGRAM: 



/j 



DESCRIPTION OF CIRCUIT:, 
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TEST 



1. 



'Piease circle the appropriate answer. 

The National Electric Code is . . . 
^ a. concerned with the safety and efficiency of the 
completed installation, 
•b . concerned with the approval and testing of iridi' 



2. 



3. 



vidual components and the satety of . the finisired 
installation . 

the established law governing all electrical 
installations . 

concerned only with the safety of the finished 
job. , . . 

Both c and d *re correct. 
Which pf the following Is not acceptable as the grounded 
conductor of a residential electj^g^Ll system? 
A gray wirs 

A black wire, number 4 or larger, with* the ends 
painted white 
A white wire 

None of the above are acceptable. 
All of the r~a£ove~a~re~~accep table. 
A green wire in a*cable may be used ... 
a. . for any purpose, if the system is not grounded, 
as the circuit ground conductor, 
for equipment grounding only, 
as a hot wire only. 
*for none of the above purposes. 
Double-pole switches are used in residential circuits .. 
a. when it is desirable to disconnect the grounded 

conductor as well as the hot conductor. 
b> to control an'outrlet from two locations. . 



c . 



d. 



e . 



a . 
b. 

c . 
d. 



e . 



b. 
c . 
d. 
e . 



' 153 



PI-04/Page '35 



5. 



c. only in 240-V circuits in whigh neither of the 
current -carry ing conductors is grounded. 

d. for most "common applications. 

e. None of the above "are correct, * 
A cable designated 12-2G type NMC . .. 

a. actually contains three conductors. 

b. cannot be used/in wet locations or buried in the~ 



ground". , - , 7 # ' " 

; is acceptable for damp lojca^ions. 
^ All of the above are correct. 
Only a and c are correct. 
Which of the following is not an acceptable connection/ 
of a wire to tfie-t erminal /of an outlet? 
a. M A bare wire connected to a' green screw 
A black wire' connected to a brass screw 
A .gray wire connected to a silver screw 
A red wire connected to a brass screw 
A white wire conitect ed , to a br-ass screw 
Wires often carry a lower current than their nominal * 
rated current when ^ . 

a. two current-carrying conductors are contained' in 
a single conduit or cable, 
branch circuits have runs of over 100 feet. 



b. 
c . 
d. 
e . 



b. 
c. 



wires are subfect^to a continuous load of more 
than three hours duration. 4 ' 



\ 



* d. All of the above^artf correct 
e. Only b and' c are' true. 
8. When switch loops are^qpmposed of cables / 

a. the white wire leading to the switch may be a 
grounded wire, but this is not required. 

b. the white wire leading tQ the outlet may be a 
grounded wire,. but this is not required. * - 
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c. , the white wire leading to the switch is always ^ 

a hot wire. , * 

d. the hot wire leading to the outlet may be white, 

e. Both c and .d are true. 
Splices in wires and cables ... 

a. t are not allowed in residential circuits/ 

b. may be made only inside boxes o'r straight conduit 
runs . 

c. are usually soldered to assure go^ti electrical 
contacts, 1 ] 

d. may be made with Iwire nuts only. * 

e. x None of the above^are correct. 
Voltage drops in residential circuits ... 

a. are usually of no concern, since voltage drops 
. rarely exceed H. v . 

b. produce losses in the lines, but do not adversely t 
affect the -operation of equipment. 

c% % should always be calculated and reduced to not 

more than 51 in any branch circuit. 
\d. are usually held to not more than 1% in any branch 
circuit. 
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INTRODUCTION 



For many years, cheap, abundant energy fostered wasteful 
energy practices. In recent yearg, increased dem^ids jand 
dwindling supplies have driven energy prices up and made con- 
servation essential for both residential and industrial con- 
sumers. This module describes methods of, electrical energy 
management. Industrial and commercial customers can use elec- 
trical energy management techniques to reduce their expendi- 
tures for energy. % - 

PI-05, "Electrical Energy Management," begins with a de- 
scription of the costs involved in producing and. distributing 
electrical energy and an explanantion of how these costs vary 
with fluctuating, dejnanis^f or power. Electricity production 
and distribution costs are the basis of the utility rate 
schedules described later in the module.. Other topics in- 
clude energy conservation in industry, power factor correc- 
tion, descriptions of industrial loads, and the use of load 
management techniques to reduce the' maximum power demand. 
The most, common method used to calculate industrial electric 
bills is also explained. 

In the laboratory, the student Will calculate a series * 
of electric bills and explore the effect of energy conserva- 
tion and. load management on-utility costs. , „ 



PREREQUISITES 



The student should have completed Module PI-04, "Resi- 



dential Electrical Distribution." 
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2. 



\ 



4. 



Upon f completion of this module, the student should be 
to: 

raw and explain a diagram showing the variations in 
demand for electrical energy during a 24-hour period. 
Explain the inefficiencies in electrical potfer produc- 
tion -during minimum demand periods and peak demand^ 
periods ► 
Explain the basic characterisffics and efficiencies of 
the following clashes of industrial electrical loads: 

a. Lighting ' - 

b. • Heating * 

c. Motors 

Explain how each of the following jnay be used to neduce 
electrical energy consumption: 
a. Energy awareness 
b\ Maintenance programs 

c. \ Power factor correction 

d. \Alternate' energy sources V ! 
Explain the following terms as* they are applied to\! 
-indusVxlal^eXectrical ^loads^L. „_ . ... _ 






1 


a . 


Diversity 




i 


• b. 


Diversity factor 


• 

/ 


.d. 

"e. 


Demand 

Demand factor 
Connected load 


/ 

/ 

r- 1 






Load factor 






g. 


Hours use -of .demand 
Coinciderif e fact-or 






- h. 








Demand interval 



6. * Explain the .purpose o£ electrical load management, 
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Calculate the monthly^/ ectric bill for an industrial 
installation; gy^en thy utility rate schedule and the 
following data tfor Jfcne month: 
a'.- Energy consumed % 
b. Demand J s * 

— cv Power factor - 4 ■ — 

^8. Explain the term "load shedding" and describe loads 

* that are - and are not - considered for load shedding. ^ 
9. Describe the following- methods of load management: ^ 

a. Timed method , 

b. Manual method • 1 

c. Ideal rate method • * ^ 
V A. instantaneous rate method 

e. True forecast method 

10. ' Given data for an industrial electrical load txeforev and 

» / 

after the implementation of an energy, management pro- 
, gram, detfctf-mine the following: 



/ a. Savings due to power factor correction 



a 
b. 
c . 
d. 



Savings due to conservation 
Savings due t( 
Total savings 



Savings due to load management 
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" ' ECONOMICS OF ELECTRICAL POWER PRODUCTION 

Managing electrical power for industrial and commercial 
application to reduce both energy consumption and..utilit)C 
bills requires an understanding of f'attors that contribute 
to the cost of producing and distributing eLectrical energy. ^ 
Industrial utility rates are based on several cost factors. 
This section explains how those •factors' increase the cost of 
electrical energy production and how those costs are met, k 



v VARIATIONS IN -DEMAND 

Figure 1 shows the typical variation in demand for elec- 
trical energy during a day. The shape of this curve changes* 
somewhat with the- geographic region, season of the year M and 
predominant load type". However, the general shape will usu^- 
ally be similar to the shape in Figure 1* 

The lowest loads usually occur during early morning 
hours' when most'-people are asleep. During pre-dawn hours, 
some industries and commercial operations are using power, 
and some indoor and outdoor lighting is required* Demand 
typically begins to rise around 6 a.m. as people get up and 
more commercial and industrial users require power. Power re 
quirements rise' to a maximum early in the working day and re- 
main high until lunch time. 

At- noon, there is a dip in denjand as many commercial and 
smaller industrial consumers reduce consumption during lunch* 
After lunch, demand rises again and' usually reaches its daily 



\ 
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TIME OF DAY ► 

Figure 1. Typical Electrical Utility Daily 

• ; Demand Cycle, , \ • 

peak during -the afternoon. At 5' p,ra, there is a sharp drop 
when many businesses close .for the day and employees head for 
home, ... 

Demand rises again between 6 and 8 p,m, ~as residential 
use increases. Many -commercial and indus tr^al demands con- 
tinue,' Outdoor lighting is turned on. After about '9 p^,m,, 
demand drops steadily- until the early „ morning- minimum is 
reached , . - . 

There are also m weekly , monthly,, and yearly demand 
cycles, and the, shape of the daily-cycl^ may- change .consid- 
erably during the year,* In cblder climates, demand' is higher 
in winter and the peak load may occur * early i in: the working 
day when the nee& for heat is greatest f- In hot climates, 
demand is # highest in the summer when air conditioning loads 
are high, ■ Peak daily demands occur' in late- afternoon . High 
demands may continue will 1 into the night. „ § 
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Figure* 1 also' shows the minimum demand, the peak demand, - 
and 'the . average demand. Since electrical power is generated 
at the same rate at which it is consumed, the utility com- 
pany must coprdinate power production with demand.. The over-, 
all power system must be capable jof meeting peak demands and 
have extra capability as a -safety margin. Production must 
also *be reduced to coordinate with diminishing requirements 
during minimum demand periods. 



COST OF MEETING PEAK DEiMANDS 

Electrical power system generating and transmission 
capabilities must be capable of producing the necessary peak 
power and distributing it efficiently to customers. Trans- » 
mission lines , transformers , and control equipment must be ^ 
sized according to peak demand. During peak denvand periods, 
mahy generating plants in the system will .be in operation.. 

Older, less efficient facilities' that are not usecT^ 

other times are brought into service when 4emand rises. Gas 

turbines are- often used to boost product-ion. during peak loads 

because they*cari be brought into operation quickly.* Gas tur- 

bines' are not used at other times because they are ineffi- 

■ t f 
cient and gas is usually* the most costly fuel. Thus, peak 

demands increase the overall cost <of electrical pqwei^. This 
is because pore expensive equipment is needed to transmit the 
peak power and this additional poweir is produced by less ef- 
ficient means .* • 
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INEFFICIENCIES OF MINIMUM DEMANDS 

Electrical energy production also- costs more per kilo- 
watt-hour during minimum demand periods. Only the largest 
and most efficient generating plants are in operation, but 
these plants are operating at reduced capacity and, thus, 
lower efficiency,. 'Transmission line losses are reduced be- 
cause of lower currents* but this is 'offset by other factors. 
Transformers operate most efficiently at — or near - their 
rated load. At reduced load, transformer eff iciencies ' drop . 
All energy-consuming control devices must continue to operate, 
and personnel are still required for system operation. The 
periods mus-t be paid for by thfe utility company through the 
sale of power. During minimum demand periods, much, of this 
equipment is idle or operating far below its capacity, there- 
by not producing a profit or even paying for itself. 



INEFFICIENCIES OF POOR PQWER FACTORS 



The'power factor of an a,c. circuit was- discussed in 
Module Plf-01, "Eff iciencies of , Electrical Distribution Sys-* 
terns." Recall "that at a!^power factor of 1.0, ttie system is 
most efficient. Lower poweri factors result in higher cur- 
rents for the same useful power. This increases both line 
losses and voltage drop on the lines.. Lower power factors 
also reduce the efficiencies of transformers and generators. 
^Utilities- increase the poyer factor through the use of capac- 
itors and synchronous* reactors and, thus, increase system 
efficiency. * 
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WHO PAYS THE PRICE"? 

. \* 

The customer always pays - not (Jnly for the power con-' 
sumed but also for system inefficiencies - either through 
higher rates or 'special charges.* The cost of equipment to 
meet' peak demands is recovered by demand charges to larger 
consumers. The electrical energy costs of larger consumers 
depend on energy used and the maximum rate of use. Discount 
rates are often available on energy used during low demand 
perid&s to encourage a more even distribution of the demand. 
The power factor is always corrected in the transmission and 

rfibution system. If the customer corrects the power fac- 
tor, the utility has to do less correction and charges a 
lower rate. 

In one way or another, the customer always pays for peak 
capabilities an^ inefficiencies, and the price is always less 
if both peak demand and energy waste can be reduced by the 
customer. ?6us , an effective electrical energy management 
program has two major objectives; (1) to reduce, total energy 
consumption, and (2) to distribute the load as evenly as 
possible. 



■ v INDUSTRIAL ELECTRICAL LOADS 

/ 

Industrial electrical loads' are usually classified as 
lighting loads and power ^oadSi Power load's may. be sub; 
divided into, heating loads and motor loads. This section 
briefly discusses each load type. • ' 
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LIGHTING LPADS 



About 20% of 'the electrical power produced in" the U.S. 
is consumed by lighting loads. Lighting loads are~usually 
the least efficient type. For example, incandescent lamps 
convert between 7.5% and 15% of the energy they consume to 
useful light, with larger-wattage lamps having the highest 
efficiencies'. Fluorescentflights have an efficiency of 
slightly over 20%~ High-intensity discharge lamps have effi- 
ciencies in the range of 50% and 70%. Therefore, most of the 
light that is produced is wasted. ^ 

Many areas have i/lumination levels that are higher than 
necessary and much of the light is directed to places where 
it is not* needed or is absorbed by surfaces. Significant en- 
ergy savings can often be achieved by more efficient lighting 
systems. The power factor of incandescent lights is 1.0. 
Other types have a lagging power factor because of N the induc- 
tance of the lamp ballasts. The last three modules of this 
course discuss lighting systems in detail. 



HEATING LOADS 



^Electrical power is commonly used to heat buildings, 



water, and materials in industrial processes. Electric heat- 
ing is seldom the primary heat source for large buildings,- 
..but electric duct heaters and reheat Units may be used to 
supplement other more economical types of heat. Smaller 
structures may depend Entirely on electricity for heating 
needs. 

Water' may be heated - either for use as hot water or 
steam — by two types of heaters. Emersion heating elements 
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convert electrical energy to thermal energy in metal conduc- 
tors that are immersed in water . ^Electrode heating elements 
pass a current directly through the water to produce a* heat-, 
ing effect • fry v . 

Ovens are heating devices that operate at temperatures 
of 1,000°F or lower. They employ resistive elements similar 
to'those used for space heating/ The ef f ic iency-of all elec- 
trical resistive heaters is close to 100%, an4 the power fac- 
tor is 1.0. 

Furnaces are heating devices that operate at temperatures 
above 1,000°F. When the material' to be heated is a nonconduc- 
tor of electricity, resistive heating elements may be used. 
Capacitance, or dielectric heating, ^is accomplished by plac- 
ing the nonconductor between the plates of a large capacitor 
and applying a high-frequency electric field. This pauses 
distortions in the molecular structure of the mater ial^nd * 
produces heat. ^ 

Conductors are usually heated by passing a current 
through the material itself.' This may be done as simple re- 
sistive, heat ing of the material due to current; flow, N^r by 
using electrodes above the materi-al to produce^ arcs foA heat- 
ing. In' induction furnaces, a coil of wirS* around the fur- 
nace (or in a core within th,e 4 furnace) produces a strong 
alternating magnetic field in the conductor to be heated. 
This induces currents that do the heating. All furnaces with 
resistive heating have power factors of 1.0 and efficiencies 
of close to 100%. Capacitive and indue tiv{2, heaters have 
lower efficiencies and power factors. • 



A 



9 

ERIC 



171 



PI-05/Page 11 



2 



MOTOR LOADS 

Industry's chief power tequiremeht is usually for the 

power necessary to operate electric motors. For instance., 
^ « 

the power consumed by air conditioning systems is used to 

* *> 
operate motors that drive c&mpressors, pumps, and* fans. In 

•» ■ 
addition, all industrial facilities require motors for pro- 
duction processes. 

Induction motors sure the most common motor type and are 
available in a wide flhge of sizes and speeds from about n4 50 
rpm to 3,600 rpm. Induction motors up to about 700 hp can 
operate at one or more speeds wi'thin this range. Larger in- 
duction motors — up t,o 10,000 hp, y usually operate "at 1,800 
rpm or 3,600 rpm. The efficiency '-of induction motors varies 
from 88% for smaller model's to 95V for large models. Maxi- 
mum efficiency occurs at, or negr, full load. There is usu- 
ally little-drop v in efficiency^ at 851' of. full load, but be- 
loW that figure, induction motor efficiency drops consider- ' 
ably. The power factor of induct ion motors is about 0.9. 

Synchronous motors are available In the same general 
power and speed ranges as induction motors, although few 
operate at more than 1,800 rpm. SynchronousNnotors may have 
speed's of 360 rpm or less. Synchronous nfbtors f£re used for 
most applications where the power 1 is above\ 700 hp and the 
speed is 1,200 rpm Or lower . The 'power factedr of synchronous 
motors may be adjusted for eitjier leading oA lagging power. 
Most synchronous motors are operated with a power factor of* 
,1.0, but if installed with induction motors, synchronous 
motors can be operated with a leading power that offsets the 
lagging power factor of induction motors \ Synchronous motor 
efficiencies are sligh€ly higher than those of induction 
motors of "the same power rating. > . 
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- REDUCTION. OF ENERGY WASTE 

> 

Obviously, the best way to lower ' energy costs and con- 
serve 'energy is to use less energy. An" abundant supply of 
low-cost energy has contributed to energy waste. However, 
as energy becomes less abundant and more expensive, conserva- 
tion efforts become important as an- economic necessity. Sev-„ 
eral energy conservation techniques are discussed in t-his 
section. 

ENERGY AWARENESS 

The first rule for electrircal energy conservation is; 
Pf the electrical devi'ce 'is no-t needed, turn it OFF. Most 
electrical energy waste occurs when electrical devices con- 1 
tinue to operate when they- are not being used. Muchfcof this 
waste can be eliminated by energy conservation awareness pro- 
grams. Energy conservation can* be particularly effective in 
reducing lightVg loa ds . j L ighting levels should be reduced 
when high levels are not required and when natural light sup- 
plies some, or all, of the necessary light. 



EQUIPMENT, AND FACILITY MODIFICATION ' v 

Significant long-range savings can often be achieved by 
replacing older equipment with new Energy -ef f icient equipment, 
^ even though the old equipment is ^szi^ir functioning . 

Electrical distribution systems with a total full-Toad 
voltage drQp of 5 4 % should be upgraded. 
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"Motors operating at well below their rated power should 
be replaced with "smaller motors* 

Incandescent lighting should be . eliminated , and high- 
intensity discharge lights should be used whenever po-s-sible*. 

Increasing building insulation, installing heat — re- 
flecting, glass , and employing heat recovery systems can re- 
duce heating and c^ool^g requirements * 

iMAINTENANCE PROGRAMS 

\ • • " ; 

° poorly-maintained equipment is l^ss efficient than 'well- 
maintained equipment, and ^maintenance programs that take en- 
ergy efficiency into account can save tjoth energy and money ♦ 
The useful life of mechanical equipment cai\ also be extended 
by better maintenance practices* 



POWER FACTOR CORRECTION 

Since most loads have lagging power factors,, power fac- 
tor correction must be applied somewhere ^n every power dis- 
tribution system* If the utility conf]5any does the correcting 
in the distribution .system, the utility company charges the ^ 
customer a fee* Moreover, the poor power factor", and result-V 
ing inefficiencies are still present at the customer's facil- 
ity* It is to the customer's advantage to correct thet power 

t - 
factor at the point of origin* Although it is usually eco- 

nomical to "correct the power factor to 0*95, correction to' 
1*0 is seldom ~j-ustif-3^d ♦ 

Figure 2 shows several possible locations for. capacitors 
to correct the power f^fctor* Capacitors for large motors 
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ABC FUSE CAPACITOR 




Figure 2. Capacitor* Locations for Power 
Factor Correction. ^ 

't 

should be loaated near the motor and should be connected to 
the circuit only. when the motor is in operation. 'It, is pref- 
erable to connect the caAacitor directly to the mo.tor (C x ) . 

if this interferes with motor protection devices, the t 
capacitor can be connected^ at the motor 'controls OC2) • 

Both arrangements allow the capacitor .'to be switched by 
the motor controller.' The capacitor can also be connected „ 
•at the breaker panel (C 3 ) and controlled by the circuit 
•breaker that controls the motqr. Any other arrangement re- 
quires separate control switches 'for capacitors. 
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In system^with a large number, of smaller loads, capac- 
itors may be connected at load centers (CO on the primary 

feeder lines (Cs). The least efficient ntethod is to include 

•> * 
.the ^capacitors in the substation (C 6 ). 



ALTERNATE ENERGY SOURCES 

fn many cases, alternate energy sources may be t u'sed to 
reduce both electrical energy consumption and peak demand. 
This is most frequently accomplished by alternate Jieat^* 
sources. The waste heat from lights and industrial process-e's 
may be used to provide part of the heating requirements. ' So- 
lar cqllectors.and fossil £uel heating facilities may also be 
economical.' The* energy Requirements of HVAC systems may be 
reduced by installing heat exchangers between the exhaust and 
ventilation ducts. , 




ELECTRICAL LOAD CHARACTERISTICS 



\ 



Both^electr ical energy rates and electrical energy man: 
agement techniques depend upon load characteristics. This 
section describes important characteristics of electrical 
loads and the - terms* /used in those descriptions . 



DIVERSITY , ' 

The connected load is the sum of the full load contin; 
' uous raftings of all electrical devices in a composite- load 
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system. Rarely does the entire lo^i operate at the same 
time. A system with a varying load is said to be diversified. 

^Figure 3 Shows a composite load made up three individ- 
ual loads. Load 1 is continuous and is not diversified at 
all. ' Load 2 has considerable variations and is diversified. _ , 
Load 3 has 'even larger variations and'is more diversified. 
The composite load is also highly diversified. The average 
load for this time period is also shown. Load management is 
applied to diversified loads to reduce the peak load and 
bring the instantaneous composite load nearer the average 
load at all times. Effective load management requires diver- 
sified individual loadsN and results in a composite load of 
low diversity. 




1 r 1 i r- 1 1 1 ' 

TIME > * 1 ' 

Figure 3. Composite, Load with' Diversity 
Factor of 1.0. 

The diversity factor of: a composite load is /the ratio of 
the sums of the maximum demands of the individual loads to- 
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th§ maximum demand of the system. If the -maximum demands of 
the individual loads occur at the same time as %hown in Fig- 
ure 3, the diversity factor 'is 1.0. This- result^in the 
highest possible peak demlSjji for the system and the highest 
(jh — demand charge on the electric bill. 

Figure 4 shows the same individual loads except that 
load 3 is delayed slightly. This increases the diversity 
J$ctor to greater than 1.0 (about 1.2 in the figure) and 
lowers the peak demand of She system. A furthet reduction of 
peak demand could be achieved at the same average demand if 
the ^diversity of load 3 could -be reduced by powering its in- 
dividual demand at time Ti and by increasing its individual 
demand at time T2: - t - 



\ 



Devious peak load 
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COMPO.SIT LOAD 



AVERAGE LOAD 



LOAD 1 



TIME 



Figure 4 A Composite Load from Figur^_3,. witjT 
Diversity Vactor Increased by Delaying Load 3*. 
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DEMAND . ' / 

... / 

.The demand is the average load imposed* on the electrical 
Supply system over aT period of time called the demand inter-*, 
val . ^ - > 

If Figures 3 and 4 represented one demand interval, the 
Remand would be the power level indicated by the average load . 
pXin'e. The demand interval is defined by the utilit-y company 
and is usually 15, 30, or 60 minutes. * 

Demand charges arq based not on the instantaneous peak 
demand, button the highest average demand achieved. in any de- 
mand interval* during the* billing periods . 'A billing period 
of 30 day^ -or 720 hours, w.ith a demand interval* of 15 minutes, 
contains 4 2 ,880 demand intervals. The demand charge is deter-, 
mined by the demand of the interval during the month having . 
the highest^ demand (average for 15 minutes). v < . 

During ^a.billrrtg* cycle, the demand factoid of a system is 
defined as^the* ratio of the maximum demand to the connected 
load. v It denotes the maximum percentage of the connected 
, load that is -operated at any one t ime -during— the- bHrling cy- 
cl^. Reducing/the demand factor for an installation also re- 
duces ' the demand charges , , ' ^ 
• 9 "The coincidence 'factor \s thp jrat io 1 of * tKe maximum de-. - 
mand*Qf-the composite load system to the sum of the ma^mum 

•demands of the ^individual or composite .loads . It is the dn- , 

* * * i 

Averse of the diversity factor and, thus,, is always *L.O or 
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LOAD FACTOR * ' •; s 

The- load factor is the r^tio of the average ioad for a ■ 
particular time Interval^ to the .peak *load that is achieved - 
during that interval. - ^ 

For billing purposes, the time interval is usually the 

v 

billing period. The peak load is the maximum demand during 
any demand interval. The^load factor indicates, the extent 
'to which the system capability was used during the billing 
period. Load factor is the ratio of the energy actually used 
'during a time interval to fhe energy. that would have been 
used if the load^had been operated continuously 'during' thar 
interval at-the peak demand. Higher load factors vindicate 
greatfr use of ■ -system' capabilities . A constant, continuous 
load has a load factor of 1.0, .j* 

The, phrase /'hour's use of demand" may also be used to. 
express the^ load ,f actor of a ( system. HoUrs use of demand i's 
determined by dividing the^cilowatt -hours atclimulated during, 
a time interval- by .the maximum demand during that interval\in 
kilowatts. The result is expressed in hours an c d is the time** 



\: that woul& 



that would have been required to use the total energy con- 
\ sumed during the interval if it had been used continuously at 
the maximum rate. For a constant, continuous load, th,e hours 
of demand for an/ interval equals the duratipn of that inter- 
, val f in hours. ' • 



' POWER FACTOR ■ ' \ \ 

v .. \- . \ 

The power fact.br of a system is thQ ratio of the Rower 



• consu^d' by the 'system- in .watts' to the product of volts afid 
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amps of the system, ' >A complete discussion of "power factor 
is' found in Module P<y-01, ''Efficiency of Electrical Distri 



but ion Systems , 



UTILITY RATE SCHEDULES • S , 

In planning an electrical load management program, it 
is necessary to know the rate schedules of- the , local- utility 
company. This section discusses" typical rate schedules. 
Rates used as examples are ia7ijtflJtjBS_o f, a typical Midwestern 
utility. ■ 



•DEMAND CHARGE " v 

Demand charges are usually based on the/maximum demand 
' durrng the billing period. Some utilities employ a ratchet, 
rate to demand charges. In this system, the demand charge v * 
is based' on the maximum demand in a period greater , than. the 
billing period. " Thd charg'e may be based on the maximum de- 
mand during the last twelve-month period 

Typical demand charge: , 

* first 25 kW jo f- .demand » $2.15 per kW per month 

Next 47 5 kW of demand . $1.90 peV kW per month. 

-. *' Next 1,500 kW o£ demand ■'' • $1.75 per kW per month 

Excess ov.er 2,000 kW o£ demand $1.47 per kW per'month 



ENERGY CHARGE ' . • . 

the erfergy charge is biased on the" total energy consumed 

VeVmonth. Rates are currently- set 'so that larger customers 

*^ ;V - ' I . v \ 
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pay less per kilowatt-hour. This practice tends to discour- 
age -conservation efforts and way be aftewd in "the future to 
. reduce* savings to; larger "customers and, thus, encoutage 

greater conservation ^elfforirs . 1 . , ' / 

* "* * • 

Typical energy charge: . ' • • 

• . * ; • • * »* 

, • First 2,000 kWh per .awnth $0.02 per kWh 

.Next 18,0,00 kWh per Ijjonth " . 410.015 per kWh. 

Next 180,000 kWh per' month ', • * $0,011 per 'kWh 

•Next 550,000 kWh per month. • * $0,009 per kWh . " 

Next 250,000 kWh per month. $0.0085 per kWh 

Excess over 1,000,000 kWh , $0.008 2 per.kWh 

< per month . \ . * v 

J^OAD FACTOR DISCOUNT ' . ' * . 

Charges for poor loaci factor may take several forms. 

Customers who maintain a certain load factor are usually^ ' 

given a discount. This discount is often expressed ih terms* 

of the hours, use of demand* Typically*, this discount applies 

only to customers who have a load factor gr~eater--than 0:5; 

that is<^ an hburs .use c>£ demand'-in excess'of 360 -hours for" a 

720-hour billing ^period . Only 7 larger customers can achieve 

this criterion. A constant lbW'w'ould have to be operated 

for 12 hours per day for the entire month' before the discount 

.would be applied. /Qualifying customer^ usually pperate foi* 

24 hours per day and .employ a good eilergy management program f 

A typical load factor discount policy,is: 

A discount 4 of % $0.0015 per kWh is allowed on that ' 
portion of a customer 1 s' monthly^ consumption in e£- * 
cess )of 360 hours use of his billing demand for' 



the month. , c 

< 



/ 
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POWER FACTOR PROVISIONS * 

Rate schedules always include penalties for poor power 
factor for 'larger .customers. These rates are based on- aver- 
age power factor for the month and may take several forms. 
The most common rate schedule bases, energy charges .on a power 
factor of 0.8 and provides discount?, for hitgher power factors 
.and makes additional charges, for Lower pow&r factors. 
-The following 'is atypical gower provision: 

In the case of customers with maximum' demands 

150 kW or more, the .monthly rate shall be decreased ^ . 

0.2% for each whole one percent by which the monthly 

• average power factor exceeds 80i lagging, and shall 
be increased 0.3% fpr each whole one percent by 
which the'monthly average power factor is less" than 

t8t)% lagging. ' 



FUEL CLAUSE 

► v- ' 

Fuel* clauses allow utility companies to adjust rates 
according to the fluctuating 'costs .of the fuels- they use tQ 
produce" electrical power. Essentially * this means that the - 
Customer - not the utility - pays the cost when, fuel prices 
go up or wheij more expensive fuels must be used. Fuel / 
clauses are riot normally used when most, or all, ojf the ffower 
consumed in a system is generated by hydroelectricN^nstalla- 
tions. Falling water ife assumed to ^be free. 



TIME -OF - DAY . MgtERING^ , % 

^ Some <uti Tit es offer, discounts for power consumed during" 
system, minimum demand periods. This usually takes' the .form ; 
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of a discount on demand charges. To qualify for such demands, 
a customer must operate so that; the maximum demand occur? 
during the- late night shift. This method is not practical 
for most customers, but results in considerable saving-s if it 
can be used. The method is practical, for example-, fof water 
companies that operate large pumps during la,te night hours to 
pump water into storage tanks for use the next, day. 

Example A illustrates how to calculate a monthly electric 
bilj using the given rate schedule. 



EXAiMPLE A: CALCULATION OF ELECTRIC BtLL. 



Given; 



Find 



Solution : 



A large industrial plant had the following 

electrical service data for ojie month: 

■f 

- , Maximum demand: 1,356 JcW 

* Energy consumed: 640,320 kWh 

Average power factor:" 92% 

The electric bill for the month, based on-the 

rates" stated as examples in this module,* Assume 

no fuel clause and jio time-of-day -discount . 

Demand Charge ..,*', 

First ,25 -kW '(25) ($2.15) = $ 53.75 
>(47?3 ($1.99) = 90,2.50 



Next 
. Next 

Total. 



475 kW 
_856_k% 

1/356 kW 



(856) ($1.75) f 1,49J3.00 
' $2,454.25 
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Example A. Continued 



Energy Charge ... ' 

•First 2, 000 kWh, (2 ,000) ($0.02) =$ 40.00 

Next 18,000 kWh * (18,000) ($0,015) = 270.00 

Next 180,000 kWh (180 ,000) ($0,011.) = 1,980.00 

• Next 440,320 kWh (440/320) ($0,009) = 3,962.88 

Total 640,320 KWh ' $6,552.88 

Total bj.ll = $9,007.13. 

Load Factor Discount ... 

„ j. , , energy consumed 

^ • Hours use of demand = maximum dema nd \ 

. . 640,320 KWh 

_T f 1 ,356 RW 

HUD =47 2 hours 
- - 360 hours 

" , . . TIT hours" o£ demand 

qualify for 

* * discount. 

(112 h) (1,356 kW) = 151,872 kWh qualified 
v ; for discount. 

"r Discount = (151 ,872) "($0.0015) 

' = $227.81 . 

Power^ Factor Discount " 

923 - 803 = 121 qualified for discount 
(12)' (0.2%) = 2.4% discount from monthly rate 
($9*,.007 .13 (.0.024) = $216.17 discpunt 

' -Total discounts = $443.98." . • > 



Bill before discounts ... $9,007.13 

Discounts ... • " To" S tl1'? 8 
Net bill for month $8,563.15. 



( 
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'electrical load management \ 

Load management.' is the process of scheduling the indi- 
vidual component loads o£ a composite load to reduce the 
4£mand,and, thus, the demand charge* Load managemeht does 
not greatly, affect thfe amount of energy consumed;' it evens 
out consumption, thereby reducing .the inefficiencies of peak 
and^ minimum dejnand periods, This^reduces the need for new 
gen^rating-facilitips , in addition, the running time of less- 
efficient generating plants in the power system is also re- 
duced. The customer Realizes these savings in lowe^ demand 
charges. Load manag'enie^t Also reduces the demand on customer- 
owned -electrical distribution equipment, resulting in more , 
efficient operation and delaying the need for increasing, in- 
plant distribution capabilities. 



ELECTRICAL' ENERGY AUDITS 



The first\step in a load management program is to con- 
duct dn electrical ene-rgy audi t\ to determine the characteris- 
tics of the composite load, '-Power companies willgp rov i de 



data -on the total load and will usually assist the xtistoifter 

in performing the .andj.t. \ U \ 

\ * V ' 

It is necessary to monitor each of the individual loads 

in the system to assess "the behavior^ of ^thjs components of the 

total load. The survey should last at least one full billing 

period (month) and should include data, on night and weekend 

loads even if the facility i's not in fu^H operation at these 

times, ' 

Energy audits should not be conduced once and forgotten, 
-Load monitoring m^st continue to detjermin^ thq^ffects of the 
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load management program and to determine methods of making 



further improvements 



TIMED LOAD CONTROL 



r' X 



' The simplest method of load control is to reschedule 
certain processes <?r to install timers that turn certain 
equipment items ON and OFF at set; times. 

'This simpie method ofteh produces the most dramatic re- 
suits. For example, a metal coaiting company in Hamburg, 
Pennsylvania, reduced its demand by 1,000 kilowatts for an 
annual saving of' $40,000 on demand charges by Rescheduling 
furnace loading from its first shift to the second. Timed 
load control can easily be applied to a wide range of indus 



trial processes. 



•LOAD SHEDDING AND RESTORING' 



Doad shedding is the process pf monitoring electrical 
power consumption anci .turning OFF certain loads when the de- 
mand approaches a predetermined. level . Loads that are shed' 
are restored lafer when_the total load has- decreased . Some 
load's will conslume the ^same total energy with* load shedding. 
Tlie energy that is saved at one tike fs consumed at a later 
ime^\Xhese loads are caJLLed recoverafr^ loads and, include 
uipment such as air* conditioners". r 1 

Non-recoverable load's are those that do *not consume the' 
*■ * « * 

that was* saved ancT, thus, represent a saving on both 
d charges jand energy charges. An example of such a load 
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I 

is a ventilating fan that can be turned OFF or operated ^at a 
reduced power for Certain periods *of .time. 1 

Many loads are^fttrt^ eligible for load shedding". Many 
industrial processes must continue on a fixed schedule until 
completed tp avoid ruining the batch or damaging the equip- 
ment. . Large motors are not usual-ly considered for load shed- 
ding because the major factor limiting motor life is 'the to- 
tal number o| motor starting operations. The following , loads 
are often considered for load shedding/r^ator ing operations r 
Arc furnaces / — ~ 1 



Battery chargers 
Chillers ' 
Compressors 
Grinders 
Incinerators' 
• Pumps S 
Water hteate£§ ■ 
HVAC equipment * - 

Load shedding may be accomplished manually by the opei*- 
•ators of certain major equipment items. Technicians^ mu^t 
monitor the total demandv and switch OFF high consumption 
equipirfent when the demand reaches a predetermined point. - 
Manual load control is effective only i;i sma^er* operations, 
where the total load is composed of only a £ew component 
loads^with one or more components that may be >easily^shed . 
\. % Larger facilities employ automated load, control. AUto-; 
matic load shedding is based on the demand interva^estab-, • 9 
lished by the utility company. Its objective is to" Achieve 
a demand just under a predetermined target demand, during each 
demand .interval. Figure 5 shows the energy consumed versus ' 
time for one demand interval. ; t h * 
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LOWEST RATE 
IN INTERVAL 



HIGHEST. RATE 
IN INTERVAL 




TARGET 
OEMAND 



DEMAND* INTERVAL 



TIME 



v Figure^. I&eal and Actual 
• Rates of^Energy Consumption, 



The rate of energy consumption is the slope of the coni; 
sumption curve* A constant continuous load has a constant - 
consumption jr&te , and produces a straight-line, or ideal, con- 
1 sumpt.ion-" Demand charges are based on, the average demand dur- 
ing the demand interval- This is equivalent to i ^h^TTotal en- 
ergy consumed during, £he l^aterTaTT"' — > — 

Variations in consumption rate during 4 an interval do not 
affect the demand chrarge; only the total enfty. consumed dur- 
ing the interval is important, lioads are shed 'and restored 
during the interval in order/ to achieve the ^target demand- . 
Loads are shed and restored* in a priority sequence, wiltji suf- 
ficient difference- betweeir'sWdding restoring criteria* to pre- 
vent undesirable system^ oscillations - ^ ^ , , ;> - , 



IPJ&L RAI£_MEJHOD 

The ideal ra,te method of load control is illustrated in 
Figure* 6. This method employs an ideal rate line that ts * 
generated within the controlling logic. This- line is *off set 

sheSSinq 
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Figure 6. Ideal Rate Method of Load Control. 

frpm zero at the*beginning o£ the demand interval 'to prevent' 
premature load shedding. The control* logic* compares the- ' 
actual energy consumed at any time during' the demand inter- 
val with the amount that wpuld have been consumed i£ the load 
matched the ideal rate line. If the difference is small, 
loads " are, shed; i % f the" dif £er6nc£ is'large\ loads^re re- 
stored. The logic receives an end-of -interval' pulse from / 
the utility metering equipment that te.lls it when to* begin 
a new >irrferV:al • V A11 loads arejasually restored at the begin- 
riifig of each interval • ^ * 1 . 
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instantaneous: rate method 

v ... 



f 



r 



' Figure 7 illustrates ' the instantaneous rate method o£ 
load 'control. This .method compares the instantaneous rate 
of energy. consumption* w;Lth an established ideal rate* If 




TIME 



Figure'. 7. : Instantaneous Rate Method 
of bo£d J - Control . 



the instantaneous rate exceeds the ideal .rate by a preset 
amount, load's ate' shed ;^if the i^deal rate exceeds thein- 
stantaneous rate by *a preset amount, loads' are restored. 

^Shedding ancl restoring rates 'selected depend in part on, 
the duration of the demand interval, but the logic of .< this 
system as ures rates only and requires no end-of- interval 
pulse fronT the utility company equipment.* Both the insiaji- * 
„taneous rate method and ,the ideal- rate method may -be applied 
with fairly simple central ^equipment . * . 
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TRUE FORECAST METHOD 



. The true forecast method of load control (Figure 8)^ is 
the most efficient nretho<f^and^ is accomplished by Computer 
contrql in large load centers. The demand interval is.*par- 
titioned into several smaller intervals. At .the end of each 
interval, the computer calculates the accumulated energy; to 
tha£ point and determines the demand for the interval if the 
load is maintained at the same average rate.- If the pro-* 
jected demand e^ceteds the tar'get demand, loads are shed; if 
the projected demand is less than the target demand by a- 
,set^amount, loads are restored. 



^5 





Figure 8*. 



^rue "Fbrecas^ Method of 
Load Control. * 5 , 



SUMMARY • . 

~ f 

Electrical energy production systems a^e most efficient 
if the energy defivery rate is -near the average rate. During 
higher demand periods, less efficient equipment and more ex- 
pensive* energy sources are used to meet the higher demand. 
Distribution .equipment must be sized for peak demands. At., 
lowered deiflands, this equipment's less efficient. The costs 

of system inefficiencies are passed along to the customers in 

* • * 

in the form of demand and fuel charges. Industrial electric 

utility rates are constructed to encourage the most efficient 

operation of the entire system,. 

' Electrical energy management programs are designed* to 

reduce energy "costs by r two major means, .Conservation mea- 

sures reduce the total energy consumed and, thus, the energy 

^charges. ^Load management programs distribute the loads more 

evenly to reduce the peak demand and the ensuing demand 

charges. 
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EXERCISES 



t 1, Draty and explain a diagfam showing the variations - in 
\y demand for electrical energy^ during a typical" day . 

2. Explain the costs of producing and distributing elec- 
trical energy, how these costs vary with fluctuating 

_ demand, and Jiow these costs are reflected in industrial 
utility rates. 

3. List three types of ^industrial electrical loads and 
describe the characteristics "of each. 

4. List and explain four methods that may be used to re- 
duce energy consumption. 

5. Define and explain the following terms: 

a. Diversity 

b. Diversity factor * 
c* Demand 

d. Demand factor 

e. Connected load 

f. Load factor 

g. Hours of demand 

h. ^ Coincidence factor 
i« Demand interval 

6. Describe five methods of load management. 
7; Explaiji the difference in load management and energy 

conservation. 

8.. Explain how- alt ernate energy sources may be used to 

reduce' both energy— consumed and demand. 
9. Explain load shedding and restoring and describe loads 
that may be shed and loads. that cannot be shed. 

U"se the rate schedule given in this module to solve the 
'following problems. Assume no fuel clause is used. 
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10. An industrial customer operates for 22 days in a month 
from £— avmv to S p%m. only. During the month, ths energy 
consumption is 52>,8Q0 kWh; the maximum demand is 600 kW; 

• ' and the power factor is fl.80. Determine the biJJ. for 
the month.' * • / ^ 

11. The same- customer- is considering an ;energy managemei 
program:. Determine the savings in dollars — and as^ a 
percentage of X)?f& ajbovja-jnontfitly bill^ if the" following 

• measures are emfhoyed separately: 
a^ Correctio-n *of *power factor. to 95% 

b. Reduction in energy consumed by 10% 

c. Reduction in demand by 30% 

12. Calculate' the! new monthly bill and the percent savings 
if all -three oi .the above* are employed. 

13. Based only on /the information given in Problem 10, what 
is the most likely method for reducing demand? 



LABORATORY MATERIALS 



Pencil 
Paper 

Calculator 



LABORATORY PROCEDURES 



1 / 

The laboratory, for this module consists of a series of 
calculations of monthly electrical bills for industrial cus- 
tomers. # ! 

Demand factor, load factor, and hours of demand are also 
calpulated. The laboratory instructor will provide the local 
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utility.-xate schedule ~t~iy be used i-n all- calculations ■ and 
load data o.n a local jjnius trial customer. 

1. List the local electrical utility rates j.n thfe Data 
Table. 

2. Enter data on a local industrial customer in the Data 
Table in the column iabeled "Customer C. M 

3. ' determine" the ""electric"" bill for the month for- each 

customer. 

4. Complete the Data Table. 

V 

OPTIONAL LABORATORY SUGGESTIONS 

I 

1. Use the current local utility rates to solve .Problems 

10, 11, and 12 of the Exercise section. Compare present 
energy cdsts with 1977 rates. 

2.. Contact the local electrical utility and request that 

a representative make a presentation describing the load 
rate schedule, methods used by the local utility to meet 
peak demands, and assistance the cpmpany provides to ■ 
customers in the area of conservation 'and load manage - 
f ment. , * 

4. Contact local industries and. arrange for *a representa- 
tive to discuss load managemeht techniques that- are 
, being employed locally./ • * » . 
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DATA TABLE "... 


t 


t 


*■ 


DATA TABLE, 






LOCAL UTILITY RATE SCHEDULE 




Demand Charge; 






Energy Charge: 

Load Factor Provision: 




Power Factor Provision: * 
Fuel Clause (i£ available) : 


* / 

> 




Customer A 


Customer B 


Customer C 


Connected Load 




i 




Energy Consumed 








Maximum Demand 








Power Factor 




i 




Demand Factor 






< 


Load Factor 








•Hours of Demand 








Demand Charge 








Energy Charge 








Load Factor Discount 








Power Factor Discount 
(or Penalty) 


o 

* 


4 * 




Total Monthly Bill 








\ 
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TEST 

Please circle the appropriate answer. 

1. The purpose of electrical load management is, to ; . . . 

a. reduce energy consumption. 

b. reduce peak demands. * . 

c. improve power factor. - 

' d. Only a and**^ are correct. , 
e. • All of the above "are correct. 1 ■ 

2. Which of- the following,, is the first load management 
/. technique to be considered for small installation?? 

a. - true forecast method * 

b. Instantaneous rate metho.d 

c. Ideal rate method 

d. Manual load shedding % 

„ e. Process rescheduling and timed loskl control 

3. Which of -the following techniques is most effective 
for large^load centers? , 

4 a. Timed load control, /combined with process re- 
Scheduling 

b. Ideal rate method — — 

c. True forecast method v \ * 
r' d. Instantaneous rate method 

e. Manual load shedding . ^ 

4. Which of the following load management methods restores 
all the loads at the Beginning of each demand interval? 
a^ Manual load shedding V s - 

b. Instantaneous rate method I 

c. Instantaneous \re$toring method > 

d. , Timecfl^pad control > ' ' 

, ~~e~ "~Td*eal rate- method 
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5. # Which of the following loads is 4 least likely tp' be ' , 

considered for load shedding? 

a. Water heater \ - * 

b. Arc furnace * ' 

c. Battery charger.s N 

d. 250-hp electric motor - - - v \ *■ - 
' > e. Air conditioner compressor motor 

6. Which of the following are true of demand charges? 

a. Demand, charges* are based on the greatest instanta- ^ ^ 
neous demand during the demand interval. 

* b. Demand charges are usvally an insignificant portion 

of the total electric bill. * „ 

c. Demand* charges go down if the load factor goes up, v 
with' nq change in energy consumed. 0 

d. All of the above are correct.* % 

e. Only a and b are correct. 
^ 7. Power* factor correction of industrial systems ... 

a. reduces the demand charge. , p , 
* b. is economical to a«orrec\ion of about 0.95, but 

not to L0, 

c. usually represent^ta greater overall savings than 

* • 

load -management . 

d. All of the above are correct. ^ 

e. Only b and c are true. 
8. A non-recoverable load is one 

' a. that cannot be considered for load shedding because 
of possible damage to equipment or 'materials ^being 
processed. ^ 

b. such as a large electric 'motor , whose lifetime is 
limited by the tQtal number of times it is started. 

c. that* results in no net saving in energy charges when 
load shedding is applied to- it. 
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d. . th^'t results in a reduction in- both energy charges 

and demand charges when load shedding is applied to 

v 

it . 

e. from wfrich no savings can -be recovered? by .load shed- 
ding. 

The most effective method' of power factor correction 
.is ... * 

a. to let the power company do 'it at th^ substation, 

b. to locate Capacitor banks at major load centers, 

c. to locate separate capacitors at every major in- 
.ductive v load. ^ 

d. true forecast \oad management. 

e. ' to reschedule the operation of process equipment 

• to better distribute the power load throughout the • 
day. 

The connected load is 600 kW. The power factor is 0.95. 
The demandTs 400 kW. The billing period is 720 hours. 
The hours use of. demand is 300 hours. Irk this case, the 
load factor is . . . * ■ 

a. 0.417. * * * - 

b . 0 . 667 \ # 

c. 38j0 kW. - - » 
id. 2.4.-* 

e.*^ canfiot be determined from the data given..' 

In the above problem, the average load er the billing 

period is . . . 

a.' 400 kW. • / . 

b'. 120,000 kWh. ' 

c. 167 kW. 

d. 250 kW. ' 

e. cannot- be determined from the data given. . , 
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ENERGY iTECrtNOLOGY 



CONSERVATION AND US£ 



ELECTRiCAL POWER Alto ILLUMINATION SYSTEMS 




MODULE PI-06 •. 
^^ ^•f^y^ ILLOMINATION 



* <l l> K "'^CEl4tER ; FOR OCCUPATIONAL RESEARCH AND DEVELOPMENT 



r 



INTRODUCTION 



rilumination is the process, of providing adequate light 
to -perform a given task. "The type anc^anvount of light re-/ 
quired depends upon the nature of- light itself, the charac- 
teristics of the- human eye. and the visual process, and the 
nature "and difficulty of the task to-be performed*. This mod- 
ule discusses each of these factors and its effeqt on illumi- 

r , * % 

nation systems and the process of seeing,- 

Topics* include tJfcie nature of light, and characteristics 
of light sources, color .vision, and .the "mixing ■ of colors, 
factors affecting the vrsual process, units of measurement 
of tight, measurement techniques, and tke .quality. and quan- 
tity "of light provided 'by good illymination] systems . PI-06,. 
"Fundamentals of ' Illumination , " is designed to acquaint thg 
student with the properties' of good illumination and intro- ^ 

duce terms and concepts us.ed to describe .light Sources and 
t 

illumination systems, 

j \\xi the ia-bo^a'tory , the student will perform several, il- 
lumination measurements*. 



PREREQUISITES 



} 



>B The student should have mastered basic physics and d.c 
and a-.c . ^circuit analysis. The student* should have also 
taken, or be taking) Electromechanical Devices . 
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OBJECTIVES ' 




Upon completion o£ this module, the student-should be ^ 
able to: 

1. Describe how light is produced in each of the following 
types of light sources and describe the spectral output 
of ^ach type : 

a. Incandescent 

b. Gas discharge ^ * * 

c. Fluorescent u . 

2. • Describe each of the following characteristics of light 

•behavior; * 

a. Reflection 

b. Diffusion 
c transmission * 

d. Refraction 

^e. Absorption ^ * * 

f. Jhe invers§ square law 

3. Draw a graph showing the relative response-of the human 
eye as a function of wavelength. , 

4. '. Explain additive color mixture and sjubtractive color 
^N^mixture . 4 ^ , " 

5. ' ^Explain the following terms as they agply to vision: 

a. -Accommodation ; c • 

b. Adaptation ♦ % *< 

c. Visual capacity . „ 

d. Visual acuity 

6\ Explain the terms "visual task" and "visual environ-* 

' ment." ' * * 

7.- Define the following terms ; t 
♦ « 

a. Luminous intensity. 

i 

' b. "Luminous energy f 
c* Illumination 
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d, .Brightness 
- e . . C&hdlepower 
£ . > Lumen 
gT Footcandle 
h. Footlambert 
,4 "Explain how to make the following measurements with a 
footcandle* meter. Include other measuring; equipment^ 
'that may be required in . each case. ' , ' « ( 

z a. Illumination o£ a surface 

b. Capdlepower of a light source 

c. Reflectance of a surface" 

List the four factors that determine the difficulty* of 
a .visual task. 

Draw a curve showing visual 'performance as a function 

o,f illumination for a typical visual task. 

*Def ine : the following terms: 

a. Quality of illumination 

/b. Direct glare 
I 

c. Indirect glare . 

d. Atmosphere 

12. In the laboratory, use a footcandle meter to measure the 
following quantities: 
a. ^Illumination of a surface 

b> CandTspower of a light source as a function of 

* direction 
c. Reflectance of a surface 
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SUBJECT MATTER 



THE NATURE OF LIGHT 

* * 

< 

Vision is the -process by which information concerning, 
the surroundings is received as ^optical signals by. the eye, 
converted to nerv^ impulses, and interpreted by^he brain. 

The visual process depends on. the light reaching the 
eye, t;he functioning of the eye, and the activity within the 
brain. Each of these topic^'will be discussed in PI -06, 
''Fundamentals of Illumination." 

Illumination may be defined in br^T^term^ as "providing 
the necessary light fo^ the visual process." Since the illu- 
mination process begins with light, this module begins with a 
brief discussion of the nature, of light. 



DEFINITION 'OF LIGHT • . - -* 

* Light is radiant energy: It travels through space at a 
constant speed of 3 x 10 8 m/s in the. form of oscillations in 
electric and magnetic fields. Thu^s, it is also called "elec- 
tromagnetic radiation." The -basic nature of light is de- 
scribed by the' use of two thearie^ that seem to be contradic- 
tory. However, both .theories are necessary to fully explain* 

light 1 s behaviors * - 9 

The wave theory of light Says that light behaves as a 
wave as it travels ' through space, or through (or arouriST ob- 
jects. Light has a wavelength and frequency, and the product 
of these two quantities is the speed of light. Since speed 
is constant, an increase in frequency is accompained by a de- 
crease in wavelength. The discussions in this*module will 
involve the wavelength only. 
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, Visible light is not the only kind of radiant energy. 
Figure 1 shows t^ entire electromagnetic spectrum. The 
wavelengths are given in meters on-the top chart and in nano- 
meters. (10"" 9 m) on the bottom chart. The only differences in 
different types of electromagnetic radiation* is 1 the wave- - 
length and frequency.. The basic nature of X-rays is the same 
as the basic naturp of visible , light and radio waves. 
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Figure 1. Electromagnetic and Visible Spectrums. 



Visible light is actually only a tiny slice of the en- 
tire spectrum. Defined by the limit's of the receptors in the 
human, eye, visible light has a typical wavelength of 400 nm 
(nanometers) to 700 i^rn, although there afe slight individual 
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variations. The 'ultraviolet (UV) portion of the spectrum is 
a much broader spectral region, with wavelengths shorter than 
those of visible light. Anbther broad region, called the in- 
frared (IR), has wavelengths longer than the wavelengths of 
visible light. Infrared radiation is detected by the- skin as 
radiant heat. Light sources that produce visible light also 
produce UV and IR, although these wavelengths cannot be seen 
by the. human eye. ' • > 

The particle theory of light says that light behaves as 
a particle when*it is produced or absorbed. The particle of. 
light is called'a photon. 

Individual ^photons are emitted by individual atoms in 
the light source. Each travels in a ^straight lind, unless 
deviated (as described 12%>er.) , and has the amount of energy 
given up by the atom to create the photon.*- Photons are also 
absorbed by individual atoms. .The result is an increase in 
the atom's energy. The energy of each photon is proportional 
to the frequency of , the^ light and , thus, inversely propor- 
tional to the wavelength. Shorter wavelength photons (blue) 
have more energy than longer wavelength photons (red) . 

Botl^ the particle and wave theories are necessary to de- 
scribe the behavior of light. The wavd theory is used to -de- 
scribe the^ travel of light through space; the particle theory 
is used D to describe . emission and absorption processes. 



GENERATION OF LIGHT 

.Light is produced when an atom in a high-energy state 
drops fio- a lower staJ^ainJ- gives up some of its energy in the 
form of a -photon. 
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f Light .sources vary both in the type of atoms used and 
the" method employed to add the necessary energy to the atoms 
Most light sources* employ incandescent elements, gas dis- 
charges , or 'phosphorescent' materials . 

As the temperature\>£ a material increases ,„ the- atoms^ 
in the material vibrate violently. Collisions between these 
atoms result in energy transfers that place* some atoms in 
higher energy states. These atoms emit their excess energy 
in 'the form of photons. Hotter materials emit photons of 

c 

shorter wavelengths. 

Figure 2 shows the emission spectrum of a typical in- 
candescent light operating at 2,800°C (60-watt bulb). This 
^light emits light over a broad region of the spectrum; most . 
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Figure 2. Spectral Energy Distribution of Incandescent 

• Source. 
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of the energy falls in the infrared region^ > Siich sources 
appear, yellowish because the light they produce contains more 
of the longer wavelengths. At higher temperatures, incandes- 
cent sources appear fii»st whi'te and then 'blue because the 
peak of th'e emission curves shifts toward the blue end of the 
spectrum. Practical incandescent lamps cannot withstand the 
temperatures necessary to produce a large percentage of blue 
light. . _ . 

Electric current is carried through a gas discharge by 
free electrons and positively charged ions. Energy is trans- 
ferred to atoms and ions in the gas by collisions. These 
atoms and ions emit the^r excess energy as photons and dxop 
to $ lower' eaergy state. This process occurs only between 
fixed energy levels that are characteristic of 'the atoms in- 
voiced. Thus, most of the light is produced *at a fe# predom- 
inant wavelengths. This results in poor color characteristics 
of most types of gas discharges because the light is not well- 
distribute^, In the visible spectrum. Much of the light pro- 
duced by gas discharges often falls in the utltraviolet por-V< 
tioh of the spectrutn. 

Fluorescence is an energy transfer process by which atoms 
absorb light, of one waveVength and emit light of several- 
longer wavelengths, fluorescent lights are tubes containing 
k gas discharge and lined with materials called phosphors 
that absorb ultraviolet pho.tons* and re-emit the; energy in the 
form of two or njoore visible photons '(or possible visible and 

Figur-e 3 is the emission curve of a typical fluorescent 
lamp. The smooth portion af'the curve represents the light 
emitted' by the phosphor. The spikes are visible light emit- 
ted by the mercury-vapor discharge inside the tube. The ul- # 
traviolet light, from* this discharge excites the phosphor. 
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Figure 3. 0 
Spectral Energy 
Distribution of a Typical 
Fluorescent Lamp. 
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WAVELENGTH IN NANOMETERS 

Fluorescent lighting is popular because it offers higher ef- 
ficiency than incandescent lighting and better color qualities 
than gas discharge lighting/ 

All three t^gpes of light sources will be discussed in 
detail" in Module PI-07, M Light Sources. M 



CHARACTERISTICS OF LIGHT BEHAVIOR 

Figure 4 illustrates five .characteristics of light be- 
havior that are important in illumination applications. Fig- 
ure 4a shows the reflection of light by a shiny surface such 
as a mirror or piece of glass. The normal line is a line 
perpendicular to the surface .from which the angles of inci- 
dence and reflection ar,e measured. These two angles are al- 
ways the same. Such a reflection is called a specular^ref lec- 
tion and does not scatter or qisper'se the lights 

Figure .4b sho^s the diffuse reflection of light (also 
called diffusion) f^rom a rough purface such as paper or wood. 
These surface are made up of iftany tiny reflecting surfaces 
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at 4i£^erent angles and, thus, 
spread the reflected light in 
all directions. Most interior 
surfaces in buildings v are dif- 
fuse reflectors. 

Figure 4c shows the trans- 
mission of light through a clear 
material such as ordinary glass. 
A little of the light is scat^ 
tered and reflected at the sur- 
faces. However, most of the 
light is transmitted. 

* If the light strikes the 
transmitting material at an 
angle, *as shown in Figure 4d, 
the light bends- toward the sur- 
face normal. In this case, the 
angle of refractions is always 
less than the angle of incidence 
when the light enters the mate- 
rial. When the light leaves the 
material, it is refracted^ The 
angle is increased. Refraction' 
is the basis of lens .operation. 

'Figure 4e shows the absorp- 
tion of light by a material. ' 
White light "is a mixture of all : 
wavelengths (all colors).- Most 
materials absorb some wave- * 

lengths but not others. In Figure 4e , the red glass absorbs, 
all the shorter wavelengths, leaving only the red. Reflec- , 
' tive materials, both specular^ and diffuse,, reflect some 
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Figure 4. Diagram of 
Light Characteristics.- 
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wavelengths* while they absorb others. The color of all mate- 
rials depends- upon what wavelefTgths £re either reflected or 
transmitted • ' " " * > 



THE INVERSE SQUARE LAW 



# The illumination provided b)^ a vU.ght - source on a surface 
depends on both the amount of light the .source emits and the 
distance from the source to the ^surface being ilTumTrikfeHV" 
Figure 5 shows a point source emitting the amount X>f light; 
tfermed a ''standard candle" (candela) in the direction pf a 
surface o(\e foot away. 



POINT SOURCE 
I CANDLE 




Figure 5. 
Inverse" Square Law. 



The illumination of thi% surface is one footcandle (fc) , 
the amount of illumination provided by a standard candle one^ 
v foot -away./ N " . . • * * 

At a distance of two feet^ the same amount of light is 
spread over an area four time§ as large. This produces an 
illumination of one-fourth as much, or 0*. 25 f c . ■ 

f . At a 'distance of three ,feet, the illumination drops to. 
onVninth ttte illumination at one foot.. Thus, the illumina- 
tion provided by any 1 ight ^source decreases in proportion to 
the inverse of the square o£ the 'distance from the source. 1 
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LIGHT AMD QOLOR 

As previously implied, the color o£ any material as p£r- 
ceived by human vision depends* upo£ both, the 1 ight -absorbing 
properties of the material -and spectra! distribution 1 of 
the incident light . This section discuses how these'chafac 
teristics of lightand material —.and the response of the 
'human eye — result in co]«or vision^ 

*?!< 
9 



HUMAN EYE RESPONSE * , T . 

• / *• 

V 1* 

Figure 6 shows -the .spectral* response curve of . a typical 
human eye. The eye is most sensitive^at a wavelength -of 555 
nm, and the response drdpS off to effectively .zero near 400 
nm and 7 00 nm. - * 

If light has an even distribution of energy across . the 
visible Spectrum, it is seen as^ white light, tight contain- 
ing a predominance of one wavelength is seen as some varia- 
tion of the color corresponding to that wavelength." \ 

Figure 6 also shows the spectral characteristic of twq 
light sources indivisible." Incandescent sources give all ob- 
jects a slightly yellowish appearance. This is bec&ise of 
the high content of longer wavelengths, \Natural daylight 
gives objects a more bluish appeajrance because daylight con- 
tains more light of shorter wavelengths. ■ 



* 
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Figurg. 6* Response Curve of Human Eye, 



NATURE OF COLOR VISION 



* The eye actually contains four different* types -of light * 

* * 
# sensors * 

v> Rods operate only at very low light levels^ and have a . 

_ _^eak__s_e_ilsixiv:ity _atV51_0_ _njn_.__ Rods are* responsible f or night 

vision' and cannot distinguish'betweep^olors . jThey operate 

only 4t illumination levels - below the. aensitivity of color 

vision and, thus, a-re' of ' little Interest in the fielcl^of illii- 

•mination*' ^ " ^ 

V The receptors f^r color vision are three |ypes of xone.s 

^with'peak sensitivities at 44 $m (blue), 535 nm (green), and 

570 nnf-(red). Each' of these* cones also responds' to^ other 

Wavelengths but at* lower sensitivity ^ Even a -pure color * 
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results in some activity in all cases. The' sensation of 
color is the .result of'a'll three types o£ toftes working to- . 
gather. , • 

. ' ( 

ADDITIVE COLOR MIXTURE • K ^ 

Additive color mixture' is the creation of a new color 
by projecting two or more colors of lights onto the same sur- , 
face, . * , 

For example, red light and green light shining, on a 
white card together will appear' yellow. Red and a'weak green 
will produce brown, since, brown is actually very weak yellow. 
The additive primary colors are red, green, and blue, A 
White surface may be made to appear to be any coloj: by mixing 
combinations of these three colors. Equal quantities of each 
produces' light that looks white, although it does not contain 
all wavelengths in" the visible spectrum. 

Lighter colors, called tints, are produced by adding a* 
little more of one* or more of the primary colors ,\ ' Pink/ for 
example, is-white right with a little extra red; 

Color televisions contain three phosphors that produce • 
the three additive primary' colors and create all other colors* 4 
by additive color mixture. Additive color mixture is used • 
to pi^duce^white light in fluorescent and gas dis^arge light ^ 
sources,' Figure. 7a illustrates additive >color mixture, 

\ • •' . V. 
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a. Additive Primaries b. Subtractive Primaries 

Figure^ 7. Additive and^^ubtract ive 
Color Mixtures 



SUBTRACTIVE COLOR MIXTURE 

Subtractive color mixture is the creation of a new co%&e 
by filtering whiter light through two or mere superimposed 
pigments or dyes. In this case, -call colors may be created by 

•4 p 

combinations of the three subtractive primary colors - v magen- 
ta," yellow, and blue -green. * 

Figure 7b illustrates subtractive color mixture. This 
is* th'e pr9cess that produces the colors of all reflective ob- 
ject's. Subtractive Color mixture depends upon the use of 
white incident light . * r If some combination other that white 
light is 'used for illumination, the colors will appear dif- j 
ferently. This is* one of ^he" chief problems ^encountered when 
using gas discharge lighting. ■ w . ' 

Black and white pigments are ndt considered true colors. 
White pigments reflect all Colors strongly, and black pigment 
absorb all colors. A pure color i's a pigment that reflects « 
only a narrow range of wavelengths well and absorbs all oth- ' 
ers. 'Pure colors appear to be jbright,*or vibrant. 
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„ White and black pigmeirts3^nnrxed wi^h pure colored 

I pigments to produce tints, as shown in Figure 8. Black and - 
white mixed together resiilt in -gray, which may be* mixed with 
a pure color to,produce,a tone^ o£ that color. The interior 
surfaces o£ mo^st work areas are painted in Lighter tint's and 
tones t6 reflect most of the light for maximum illumination 
efficiency. . . 





Figure 8, .The Color Triangle. 



THE VISUAL PROCESS 



Obviously, the human v *eye is an important consideration* 
_ when making illumination decisions. Of particular /signif-i- 
canqe are the eyes' ability to adapt to varying ligji± leveLs, 
the eyes' capacity to assimilate • ir\put , and the eyps 1 power fl 
rto distinguish fine detail. 
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Attention must also be paid to the problems associated 
with aging and/or abnormal eyesight. The visual environment 
•can be - and often raust.be'- manipulated" to accommodate the 
eyes f physiological structure ♦ 



THE HUMAN "EYE 



Figure 9 is a diagram o£ a human eye. Light enters thte ; 
eye through the cornea, aqueous humor, and lens. Focusing of 
the eye is accomplished by both the aqueous humor and lens/ 
The shape of * the lens changes slightly to focus the image's of 
objects on ^he retina* according to distance. This process is 
called accommodation. 




OUEOUS XUMOR 



Figure 9. The Human Eye 



• At rest, the human eye is focused at about 200 feet. 
Today, most seeing tasks are performed approximately 14 inches 
from- the eye. Long'periods of qlose work fatigues the muscles 
that contract the lens of the eye and, result in eye strain. , 
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The iris of the eye is a ring of muscle just in front of 
the lens. -This, is the part of the- eye that irresponsible 
for eye color. The pupil is the hole in the center of the 
iris. .The muscles of the iris increase and decrease pupil 
diameter to a llow m ore or less light into the eye with .changing, 
illumination levels. The pupil also shrinks when the eVe is' 
focused on close /objects , The smaller opening results in a 
sharper image on the retina for near objects. This adcis to 
eye strain for close work under high illumination, 5 

The 4 imaging system of the eye produces images on jthe 
retina, a thin layer of cells on the back and side walls of 
the eye. The retina contains the rod and cone cells that V 
change light signals into nerve signals. The highest concen- 
tration of cones is in the area called the fovea. 

The fovea is the area of sharpest vision and is only a 
small part of the visual field, corresponding to the image of 4 
a circle 2 1/2 'inches in diameter viewed from a distance of 
10 feet. The clarity of vision drops off outside this area, 
but the total visual field for each eye has an angle of 'about 
150 F. The total visual field of both eyes together is 180° 
in a horizontal &Lafie and 140° iiTa vertical plane, 

/ ' 

ADAPTATION 

Adaptation is the .ability of the eye to adjust to dif- 
ferent levels of il'lumination. The- pupil controls the. amount * 
o£ light entering the eye, but it can vary ^the light level \hy 
a factor of only about 16 to 1, 

The most important part >o£ adaptation takes place in the 
retina. Chemical changes in the light sensitive cells vary ' 
their sensitivity by a factor of about 1,000,000 to 1, This 
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process involves the depletion and restoration of the light- 
absorbing pigments of the cells and -is triggered any time the 
illumination level' changes* 

^"fer abrupt 'changes, such as entering a dark theater from 
-sttimy str ee t,, th e adaptation of the co ne s takes about two' 



minutes. Adaptation to lesser changes -is accomplished more 
quickly, but this .adaptation still involves a small time lag. 
£od adaptation for night vision requires 30 to 40 minutes. ^ 
Adaptation becomes important in the performance of visual 
tasks when the visual field contains areas of greatly varying 
brightness. ' * * 



VISUAL CAPACITY 

» 

The eye does not respond instantly to a light stimulus, 
and the sensation of vision does not -end abruptly when the 
stimulus is removed. Some time is required to build up an 
image and each image persists for a short time. Human vision 
actually consists of several still images sent to the- brain 
each second. The rate at which the eye can assimilate infor- 
mation i*s called the visual capacity. Visual capacity is 
measured in assimilations per second (APS). The visual ca- . 
pacity automatically changes with chants in illumination 
level. 

"If a light source pulsates at a rate greater than the 
^visual capacity, it is seen as a continuous source. Televi- 
sion and motion pictures consist of still images projected 
at a rate that exceeds the visual capacity of the eye. Flu- 
orescent and gas discharge lamps pulsate at 120 cydles per 
second, but this rate is too fast to see. .Visual discomfort 
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and reduced visual acuity occur if the rate of light pulses- 
is near the visual acuity rate. , . 



VISUAL ACUITY 

_ — « _ _ 

Visual acuity is the ability to discriminate fine de- 
tails of objects within tehe central field of vision. Normal 
acuity i5-^<Hisidered to be the ability to resolve details of 
an object that have a visual angle of one minute of arc. 
This is the angle created when a one- inch target is viewed 
from 100 yards . 

Visual acuity is usually rated according to a test per- 
formed at a distance of 20 feet. A- resolution of targets 
(openings in letters) of a littleness than 0.1 inch at this 
distance is necessary for 2 0/2CL_yision, or an acuity of 1.0. 
A person who can. resolve at this distance only those details 
that a normal eye can resolve at 40 feet has 20/40 vision, or 
an acuity of 0.5. 



AGING AND ABNORiMAL EYE 



Although very few people are born with defective vision, 
about one third of the population weai^ corrective lenses. 
The performance of all eyes degrades with aging. 
> The lens of the eye riever stops growing, but aging'of 
the lens starts before birth. The lens becomes continually 
less flexible, The functioning of the iris also degrades 
with age and other parts of the eye are ofteiri affected* 
Visual acuity begins to drop at about 20 and Continues to do 
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so throughout life .^Several t^pes of abnormalities may occur 
in which visual acuity decreases at a higher rate. 

Most tables of required ^illumination levels are based 
on minimum levels for the normal eye. Practical illumination 
design should always consider the below normal eye as Well, 
and increase light levels accordingly. 

THE VISUAL ENVIRONMENT 

The visual environment consists of everything within the 
visual ^ield. Even when a person concentrates on a particu- 
lar task, the eyes constantly flicker away from the task to * 
other portions, of the environment. This extends the range of 
the peripheral vision to include the entire surroundings dur- 
ing -every few minutes, even though people, are seldom conscious 
of this. 

Thus, the visual * environment is usually considered to be 
everything that can be seen from a particular location. For 
optimum work efficiency, the illumination system should cori- 
trol the entire visual environment and not. just provide the 
necessary illumination of the specific task. 

mirZS OF LIGHT MEASUREMENT 

' * ~ 

The preceding sections of this, module have .discussed 
the characteristics of .the visual process that acutally deter- 
mine the" required illumination levels and conditions for all 
visual tasks. This section presents the units of measurement 
used to describe anH specify light .quantities that are impor- 
tant in illumination. 

» 
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LUMINOUS INTENSITY 

u 

Luminous intensity is the amount of light produced by a 
source in a specific direction. It is also called caitdle- 
p'ower and is properly measured in units called candelas, al- 
though many, references use only the t^emr "candlepower . ,! 

Originally, one candlepower was defined as the amount 
of light emitted t^y one ordinary candle. The more constant 
modern standard is based on th^e light emitted fr^>m heated 
platinum. * 

Figure 10 shows— a source that produces a luminous inten- 
sity of one candlepower in all directions. If a mirror were 
placed behind th£ source, its cajtdrl epower would be zero be- 
hind %he mirr&r and would be greater than one in the forward 

SPHERICAL SURFACE 




direction. C^ndlepower is used to describe the directional 
qualities of both lamp's and lighting > fixtures . All light- 
measuring units are based on the candela. ^ 



TUMHTOTJS^NERGY 



* • Luminous energy is the time rate of light flow. The 
^jnit of luminous energy Is the lumen. The total amount of 

• light produced by a source is measured in lumens. 

A lumen is defined as the amount of light falling on a 
one-square-foot- surface area where every point on that sur- 
face is one foot away from a source with a uniform luminous 
intensity of one candela. This is illustrated in Figure 10. 

, The total- light energy falling on the one-square-foot 
area is one lumen. The total amount of light produced by the 
\ource in the figure is the amo-unt falling on a complete 
sphere with ^a radius of one foot and the source at the center. 
The area of this sphere would be 12.57 square feet. 

Thus, a unif ormly*distributed source of one candela in 
all directions has a total luminous energy of 12,57 lumens. . 
This does not mean that one candela equals 12.57 lumens. The 
candela is a measure of the strength of the light in a partic- 
ular direction. The lumen is the measure of the total light 
emitted by the source. 



r 



ILLUMINATION 

Illumination is the density of light falling on a sur- 
face. One footcandle is the 4 amount of illiimina 6 t ion produced 
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by a one candela source one foot away, as illustrated in 
Figure 10*. Thus,- one footcandle is equal to one lum'en per 
square foot . 

, The International System teYm for (metric, or SI units) 
unit of illumination is the "lux." Lux is the illumination 
level produced by a one candela-soureee- at a distance of 01 
meter. Illumination meters may be calibrated in ei ther £ c 
candles or lux. Most modern meters have scales ftSr both units 

The most important single fa'ctor in any illumination 
system i;s the illumination *on the work surface. This is the 
total light striking the surface independent of direction. 
Minimum illumination levels are usually specified in foot- 
candles. The illumination in footcandles provided by a 
source art any point can be determined by dividing the candle- , 
power of the source in that direction by the square of the 
distance to the source in feet. ... 



BRIGHTNESS v . ' * 

The unit of brightness is the footlambert and is defined 
as one lumen uniformly emitted or reflected from a surface o'f 
one square foot. The direction of the emitted light is unim- 
portant . \ 

Footlamberts are used in describing variations in bright- 
iflss in the visual environment and in measuring glare, Foot- 
lamberts are not as commonly used as the other illumination 
unyts. 
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MEASUREMENT TECHNIQUES . - ' 

► * 

The most cpnunon types of 6 field measurements involving 
illumination sys.tems are measurement s v . matle with an illumina- 
tion meter, also called a _foojtcandle meter. This meter em- 
ploys a photocell^-that is—equipped with a filter that gives it 
^the same Response curve as th^' human eye. A diffuser plate 
.in front* of e the cell spreads ?<t-he incoming light over the face 
of the -cell. This gives an accurate illuminatipn measurement 
independent of the ^direction of the incident light. Such - r 
meters are said to be Color and cosine-corrected.. This sec- * 
tion ^explains "the use^of such instruments for field measure- 
ments ,of illumination. * * «i 



MEASUREMENT ILLUMINATION 



Footcandle meters indicate the illumination, of the detec- 
-t/or surfac-e in footcandles . Thus, for an accurate indication 
of the illumination of a surface, the»meter detector ^sjt^uld 
^be positioned so that it~is as hear that surface a^ possible 
and is parallel ,to the surface. Thus, if the illumination of 
a drafting table is to be measured wit;h the table mounted at 
an a'ngle o£ 30°, the meter should also be held at an angle of 
30°. 



MEASUREMENT OF CANDLEPOWER , 

The luminous ,int;ensity Of *a source in a particular direc- 
tion may^also be measured using, a footcandle meter. The meter 
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is held at^ a convenient^distance' frojjj^he source with its de-' 

tector facing the source for normal incidence of light. The 

ilXumination at thjat point is measured ^in foo'tcandles , The. 

distance from thl detector to the source is measured in* feet, 
» r * * 

The candlepower of 'the source ^(in .the direction from the 

v * 

source 'to^the^j^tej^j3j:XJLS_jthe_ illumination in footcandles - 
divided by the square of the distance in feet. By taking a 
spr ies of mearsviTremeTtfs'"-3i*: %severai~-aTigle"s around a source , a 
graph of candlepower versus direction may be drawn, 



iMEASUREMENT OF REFLECTANCE 



The reflectance of'a surface may He estimated by the 
use of a footcajidle meter, although mofe sophisticated tech- 
niques are required for great accuracy, f 

< One measurement method is to o determine surface illumina- 
tion by placing the meter as close to the surface as possible 
with the meter detector 'parallel to the'surface. The illu- s 
mination produced by light reflected from the surface is then 
measured by directing the meter toward the surface, while be- 
ing sure that no shadow is* cast on the surface by either the 
meter or the person holding it. The meter detector must also 
be -shielded from light from any direct sources^ The approxi- 
mate reflectance of the°surface is the second reading divided 
by the first, 

A more accurate measurement of reflectance can be accom- 
plished by comparing the *ref lected Light' from a surface of 
unknown reflectance with the light ref lectec^ frorf a surface 
of knpwn reflectance undei; similar conditions. 
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The meter is first posit ioned- to indicate .the illumina- 
tion produced by reflection from the surface of unknown re- 
flectance/ With the meter in the same position, a card of 
.known reflectance is placed against the surface and the illu- 
mination produced by. light Reflected from the card is mea- 
sured. The card must be large enough to. effectively fill the 
field of view of the meter. 



If -an 8 >J>y 10-inch card is. used, fhe measurements should 
be -made jxo further than about- two inches from the surface. 
The reflectance of the Unknown surface is calculated by di- 
viding the illumination from that surface by the illumination'* 
from the card and multiplying' the results bythe^ reflectivity 
Of the card. 



• - . QUANTITY OF ILLUMINATION , ' < . 

* • *i ' 4 ** ^ * 

C 1 . • 

The illumination system for any visual task^must^ produce 
the necessary level of light on the task*. This section de- 
scribes factors affecting the illumination levels necessary 
to accomplish various visual tasks. 

\ 



THE VISUAL* TASK * - . 

. The visual task is the> sum total of all the things that 
must be seen at any given time. ^, * 

' Complex tasks' involve several visual ^tasks, and the Illu- 
mination level requii^d is based on the most difficult task. 
The difficulty of the visual task is dependent on four fac- 
tors: the size of the detail to be seen,* the time available. 
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for the* seeing, the .contrast between the. detail and its back- 
ground, and the brightness of the task, , 

The brightness- of the task depends Vpon both the level 
of illumination and the reflectivity of . the task. Figure 11 
•shows the illumination level C-footdandltes) necessary for a. 
person with normal eyes to assifftila£^1:he required ihforma- % 
fion at a rate of five APS, * ^ 



SEEING TASK 

2 PENCIL — MAT WHITE PAPER 

3 PENCIL - STENOGRAPH I C NOTES 
FOURTH CARBON TYPED COPY 

* TRACING CLOTH OVER * BLUEPR I NT 
ORANGE CHALK ON BROWN .TWEED 
BROWN STAIN ON GREY CLOTH 
' BROWN STAIN ON RED* NECKTIE 
BRtjKEN BLACK THREAD ON BOBBlH 



FOR 5 APS 

63 
76 
133 
266 ■ 
400 » ' 
• 1 100 
2400 
2900 3 



— : : — • H ■ 

Figure 11. Footcandles Required for 5 APS - 
. - Representative Tasks. 



VISUAL PERFORMANCE ^ 

Visual performance £urves , Such as thase shpwn itP Figure 
12, indicate how the performance of vfcsual t^sks improves 
with increased illumination/ All visual, . task curves have 
the same sha,pe. Curves for tasks of higher difficulty* are 
located farther, to the'right }n the figure. For each task 
there is an illumination level below which the. task ca&ino^ 
% be performed and A^ievei^abpve which increased illumination 
makes no difference. 
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FOQTCANDLES 



1 .10 
TWILIGHT 



100 1.Q00 
OVERCAST SHADE CLOUOY 




LIGHT-COLORED SEEING TASKS 




INY 



DARK-COLORED SEEING TASK! 



Figure 12. Effects of Lighting Level on 
Human Performance. 



Between these two extremes is a range over which perfor- 
mance rises with illumination. Illumination -systems should 
be designed to provide light levels giving the highest per- 
formance level for the taslc* Tables of minimum recommended 
illumination are availatrt^ cohering hundred^ of tasks. The 
following are a few representative retommendatiojis : / 



Corridors, elevators, and stairways 
Cafeterias 
.Classrooms 

Detailed drawing and drafting 
/Fine inspection and assembly 



20 fc 
50 fc ' 
70 -fc 
200 fc 
500 fcj^ 
j - 
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• . x QUALITY OF ILLUMINATION 

Illumination quality is also a factor in the performance 
of visual tasks. Quality refers not to the amount of light 
present <on the task, but tor. the distribution of -brightness 

in the visual environment and the color of the light and sur- 

/ 

faces present. 4 • 

> • 
BRIGHTNESS DISTRIBUTION * * • 

- The distribution of brightness in_the visual environment 

has an effect- on the' performance of all visual tasks. Both 
dark areas and light areas may have a detrimental effect. 
This is because momentarily^ looking in- each direction results 
in the adaptation of the eye to that brightness le.vel, in- 
stead of the brightness of the task. The person must then 
wait for adaptation back to the brightness level of the task. 
The brightness ratio of the task to the immediate surroundings 
of the.task should never exceed 3 to-1. The brightness^ ratio 
between the task and any part of the visual environment should 
never exceed 10 to 1. * ^ ^ 

Glare 'is produced by areas of high brightness in the 
visual field. Direct glare results when the light source is . 
in the field of yiew; indirect glare*is the result of reflec- 
tions of the light frorti the source *by shiny surfaces/ Glare 
may not interfere with the r# light ing- on the task, but it re- 
duces visual performance because it causes discomfort. Good 
lighting v systems are always designed to reduce glare to a 
minimum. « . > * 
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ATMOSPHERE 

The term "atmosph&re" refers .to the ff £eel ff o£ the visual 
environment. It is not ft measureaile quantity and depends 
on the psychological effects of patterns of brightness and 
color. The maximum lighting efficiency is achieved when all 
-surfaces are white. This also reduces the brightness ratio 
s betwefen the task and the surroundings, ' ' * 

- -v . However , the sterile appearance of a colorless environ- 
ment is usually unpleasant after a short time. Light tints 
and tones for walls and areas of color increase environmental 
pleasantness without a great reduction in reflected light. * # 
The selection of surface colors in interior spaces is a com : 
mon method of setting a particular' mood. Other factors are 
the selection and placement of light source^ and the overall 
-level of illumination. Each. lighting system must be desi gned 
to provide the proper level o£ illumination within the envi- 
ronment in which it is installed. 



SUMMARY * 

Illumination is concerned with' providing* the proper, 
visual' environment for the performance of a specific visual 
task.' TJie* most important aspect of the illumination system 
is that it provides adequate illumination of the task, but r 
^other. factors should also T>e cop/idered. 

Illumination should be delivered to the work surface 
without the presence of objectionable glare. The remainder 
of the. environment should be designed to have a brightness 
near that of the task, while still providing some variations 

9 ■ 
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The following specifications are the most important units 
used in in illumination, 

• Illumination is measured in footcandles . One ^pot- 
candle is 'the illumination provided by a candle at 
a distance of one foot. It is a measure of light 

^ ' per -surface area. ^rT\) * 

• Luminous* intensity is measured in candelas or candle, - 
power It is a measure of the amount of light leav- 
ing a source in a particular direction, 

• Luminous energy is the total light energy produced 
by a light source measured in lumens . 
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* . • . * EXERCISE 

1. Draw graphs showing the following as functions of wave 
lenths: 

a. Colors of the visible spectrum 

b. Human eye response' - 

c. Output of an incandescent lamp 
; d. Output of a fluorescent lamp* 

2. Explain the following terms as they apply to. human 
vision*: 

a. Adaptation 

b. Accommodation 

^ c. Visual Capacity 

d. Visual acuity 

3i A light ^source as a uniform luminous intensity of 100 

candlepower. Determine the following: 
— l. — L4ght^-out put-.ia -lumens _ - . _ . 




b. Illumination on a surface 5 feet from the source 

t. Illumination on a surface 10 feet from the source 

i d. Total luminous energy striking a one : ,square-fox)t 

area 20 feet from the source 

* 

4. Define the following characteristics of light behavior: 
'a. Reflection ' • . 

b. Diffusion / 

c. Transmission ' ./ 

d. Absorption ' , » ^ 

e . Refraction 

5. Describe additive and subtraqtive color mixture. List 
fc -the primary colors o£ each. Give an example of each, 

6. Define the following terms: 0 / 
a. Direct glare 

b: Indirect glare > 
' p • Atmosphere 
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LABORATORY MATERIALS 



Footcandle meter c 

8 bylO-inch card o£ known reflectivity (white* paper may be 

* used with* an assumed "reflectivity -of 901) 

>i * • 

LABORATORY PROCEDURES , 

This laboratory exercise consists of measuring the illu- 
mination levels and the reflectivity of surfaces in a variety 

of visual environments. 

t 

1. Use the footcandle meter to measure^the illumination on 
a variety' of "surfaces, Redord the nature^and location 
of each surface and the measured illumination in Data 
'Table 1.*" Take measurements on ieast 20 surfaces in 
a variety^ of environments. Include measurements in 
following locations if possible: 

Outdoors in direct sun 

* * * » 

Outdpors in shade 
Hall 

Several points in laboratory \^ 
Office space 

9 

^Shop facility _ 

Use the footcandle meter, the white card, and the com- 
parison mfethod of reflectivity , measurement , to measure 
the reflectivity of at least 5 different surfaces under 
different lighting conditions. Record the nature of the 
surface, its location, and its reflectivity in Data 



v 



Table 2. 
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DATA TABLES 





DATA TABLE 1. 


ILLUMINATION 


» 

MEASUREMENT . 


Surface 


and location 




0 

Illumination (£c) 


1. 




J 




2- . - 


3. 


4. 


5. *. 


— r^-j 


7. 


8. 








9. ' 


10. * * 


11. ' 


12. 


13. 








14 .* 


> 


I - - y , , 


v. 


15. 




,/ 




16." 






X - 


17. • 








18. 






* 


19. 


20. 








» 




* 
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DATA TABLE 2. 


REFLECTION MEASUREMENTS. 


Surface and location 

* 

1. 


Reflectivity (1) 


2. 


3. 


4. ' 


5. 


•> 


REFERENCES / 
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Nuckolls, James L,« Interior Lighting for Environmental De - 
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TEST 



Please circle the appropriat^answer • 

1. The total light "power produced by a source may be mea- 
sured in . . . - 

a. footcandles or lumens. 

b. lumens or candelas. 
c • , foot lamberts • 

d. lumens. 

e. None of the above are correct, 

2. A light source produces an illumination of 100 fc at a 
distance of 10 feet.' The illuminatioh produced by the 
same source- at a distance of 20 .feet is ... 

* a- 100 fc- ' 
V 50 fc. 

c. * 25 fc 

d. 100 candlepower. 



3-. 



4. 



^ • ^ j 

e. , The answer cannot be determined with the data given. 

In the direction towards the surface with an illumina- 
tion of lb 0 fc, the light source in the above question 
had a luminous intensity of 

a. 1 c&ndlepower_. • * : 

b. * 10 xandlepowef. 

c. 100 candlepower, 

d. 1 ,000 candlepower, 

e. 10,000' candlepower, * 
Incandescent light sources usually ... 

a. produce a spectral distribution that closely approx- 
imates daylight. 

produce, very little ultraviolet light, 
produ^ vfery little infrared light. 
None^f the above are correct. 
Onl,y b and c are true. 



b. 
c . 
d. 
e . 
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5. Subractive color mixture- ... 

a. is the process used in color television. 

b. depends on the primary colors red, blue, and green 

c. is effective, regardless of the incident light. ' 
1 d." produces white light when all colors are mixed 

together, 
e.. None of the above are correct. 

6, Adaptation of the human eye ... 

a. is the change of shape of the lens for focusi-ng on 
near objects. 

b. is accomplished primarily by changes in pupil 
diameter. 

c. is accomplished primarily by chemical changed in 
the retina. 

d. refers to night vision only.. • 

e. None of the above are correct. 

Quality of ill u minati o n is not affected— by _ 



a. large variations in -brightness in the visual 
environment that are not near jthe location of the 
visual task. • v 

b. light sources within th£ field of vision. 

c. a reduction of illumination on the task. 

d. painting etll s.urfaces white. - 

e. None of ^he above are correct. 

8. The proper illumination in a typical classroom is 
approximately . 

a. 20 fc. ' " 

b. 100' fc. 

c. 500 fc. * 

d. 10 fc* 

e. 1,000 fc. 
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4. 



9. 



10. 



The difficulty of a visual task is determined by ... 
a. the size of details to be viewed, ' 
the' time available for viewing,, 
the reflectants of the oijects^tQ be viewed. 
All of the above are correct. 
Only a and b are correct, 4 • 
Light with a wavelength of 450 nm is the color , , , 
a. blue. 

green, - f 

yellow, 
red, 

The resulting color cannot be seen by the human eye, 



b, 
c , 

<f. 

e . 



b. 
c . 
d. 
e . 
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ENERGY TECHNOLOGY 

CONSERVATION AND USE . 



1*1; 



ELECTRICAL* POWER-AND ILLUMINAT^l SYSTEMS 









^gMtgff FOR OCCUPATIONAL AESEABbH, ANO PBVEtOP^NT 



INTRODUCTION 



Increasing energy costs in recent years Jiave led to 
greater awareness of the costs ""associated with illumination, 
Spiralirig costs have spawned* an ever- increasing interest in 
more efficient -illumination systems, Several.new types of 
light sources have been developed and become popular. Addi- 
tional light sources will be available shortly, 

PI-07, "Light Sources," discusses' the characteristics 
of. sources that affect the overall cost of illumination sys- 
tems. Cost characteristics include the efficiency of the , 
'source # iri producing light, the lifetime of the source, the 
rate at which, the source degrades with time, and the color 
characteristics of tfee light produced, 

\y .Incandescent, fluorescent, high- intensity discharge, and 
low-prfi-s yi^e sodium lamps are discussed and evaluated accord- 
ing to these criteria. The advantages and disadvantages of 
each source are also discussed. In the laboratory, the stu- 



dent will measure the candlepower of several sources and plQt 
candlepower distribution curves, / _ . 



/ 



PREREQUISITES 



«The student should have completed Module PI-06, "'Funda- 
mentals of Illumination, " / * 
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OBJECTIVES 



Upon completion* of this module, the student should be 



able 'to : . 

1. Explain the following terms applied to light sources: 
a. Efficacy 



bution, efficacy, lifetime, and lumen depreciation for 
each of the following lamp types: 

a. Incandescent 

b. Fluorescent 

c. Mercury-vapor 

d. Metal halide 

e. High-pressure sodium 
~T7 ~ Low -pressure -sodium 

3, Describe the changes that occur in the output of each 

of the above lamps with variations * in line voltage. 
A. Explain the purpose of a lamp ballast, 

5, Explain the* starting procedures for the following lamps: 
a. Mercury -vapor 

High-pressure sodium vapor 
c. Rapid-start fluorescent 

6, . Explain the term "light control" as it applies to 

illumination systems* 

7, "In the laboratory, measure* the candlepower of several 



2. 




sources^ as a function of angle around the source. 
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SUBJECT MATTER 



\ 

\ 

\ 



i . ■ . 

CHARACTERISTICS OF LIGHT SOURCES * 



\ Four characteristics may be used to compare the operation 
s jtyf various light sources. Thjese chafact eristics are spectral 
* e\iergy distribution, Efficacy, lumen depreciation, and mortal- 

. ify- • ~ " > 



SPECTRAL ENERGY DISTRIBUTION « 

\ - 

The spectral energy distribution (SED) curve of a light * 
source\is a ^raph of relative light output versus wavelength. 
This curve shews the strongest wavelengths in the output 
light a>nd indicates the color characteristics of the 'source. 
Sources approximating white light are usually preferred over 
stronglyAcolored sources for v most applications. The spectral 
energy- di^ribtttri^n -eurves— of -all -common-4 i-ght -sources -are 
included' in this module. 



EFFICACY 



The light output of a source is measured in lumens. The' 
electrical input energy "is measured in watts. The efficacy 
of a source is^the ratio off lumens to watts and-ds stated in 
lumens per wait.- N Efficiency of the source is output power 
at visible wavelengths (in watts) ' divided by the input elec- 
trical 'energy (in watts). 

Efficacy is a good • indicator of 'the' performance^of li&nt 
sources, since the lumen is defined according to the raefonse 
of the human eye. A source^that converts most of its energy 
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. . **i * 4 

to visible light at either the extreme red or extreme blue - 

wavelengths has a high efficiency, However,, its efficacy is 
low, since th§ eye does not respond well to those wavelengths. 
Thus, efficacy - nathef than efficiency - is a better measure 
of the useful light produced by the source for each watt, of 
electrical energy consumed, Jioth the efficiencies and effi- 
cacies of all -common light sources are giyen in this module. 



cs^ LUMEN DEPRECIATION 



The output of a light spurce is specified In lumens. 
This -specification may be the initial luminous energy of a 
new source, or the luminous energy of the source after a spec- 
ified length of operation. 

In either- case, the luminous Energy produced by a source, 
and thus its efficacy, decreases with total operating time.' 



This is called 1 urn eh depreciation and the rate varies with 
the type of source. Typical a lumen depreciations of common 
sources are given' in this module. 



MOR'fALIt 



Lamp mortality describes thfe average expected lifetime 
of a lamp before failure occurs. Figure 1 is a typical lamp 
mortality curve for incandescent lamps. Curves for other 
£ypyf of llamps have the same general shape. The rated life 
of a particular lamp is the time in which one half of the 
lamps ,of Ithat' type have failed during normal operation during 
testing, 1 Thus^ half of the^lamps are expected to fail before 
their rated lifetime, and half will continue to operate 
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Figure 1. Average* Mortality Curve for a Group 
of Incandescent Filament Lamps, 



beyond their rated lifetime. About" half of the failures nor- 
mally occur within 20% of the "rated lifetime. Xumen deprecia- 
tion <^ten indicates lamp replacement bejrore the rated life- 
time. The rated lifetimes of common lamps are given in this 
module. ' * 



INCANDESCENT LAMPS 



The following material centers .on the construction, 
•spectral energy .distribution, and lamp characteristics OF 
incandescent lamps ^ 
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LAMP CONSTRUCTION 



\ 



Figure 2 shows the basic, construction of, a common incan- 
descent lamp. This is phe oldest type of electric lamp and 
the incandescent i'amp is still the most popular lamp for re- 
sidential use. It produces light from a tungsten filament' 
,heateU_.by Current flow. The filament. is coiled to .reduce 
heat losses to the gas filling the lajnp.bulb; the filament is 



FILAMENT 



LEAD-IN WIRES V 



EXHAUST TUBE 



support Wires 



BUTTON 

/ 




BUTTON ROD 



HEAT DEFLECTOR 



Figure 2. Incandescent Lamp.. 
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cradled by the lead-in and support wires. The light output 
and spectral energy distribution of the lamp depend on the 
filament temperature , 

The bulb- of** tHe lamp is lime glas;s in general illumina- , 
tion lamps, but other materials are used for > ^pecific appli- 
cations. The bulb may be clear, but the unobstructed view 
of the >tungsten T f ilament offers objectional glST-e, Most 
bulbs have a diffuser surface. This jnayNbe achieved by etch- 
ing the*' inner surface with acid, coating the inner surface 
with white #ilica, or coating the outer surface with a white 
ceramic. % 

The gla$£ bulb contains gas that reduces the -evaporation 
of the filament material. In common lamps, the gas is argon. 
Extended life and improved efficacy may be achieved with kryp- 
ton, but thi3 rare gas is so' expensive that only 'specialty 
bulbs employ 'it. Each bulb also contains a small amount of 
nitrogen tfb eliminate internal arcing. 

Lumen depreciation occurs because of deposits of filament 
material on tKe glass bulb. Lumen depreciation is greatly 
reducecf in quartz -halogen lamps ,~ Quart z -halogen lamps 
contain a small amount of iodine that vaporizes during opera- 
tion and cause? most of \he filament material to .condense 
back on the filament. 

Incandescent lamp.s are available in a wide "range of 
types ,. sizes , and shapes. Some are equipped with internal 
reflectors that concentrate most of* the light in a specific 
direction or pattern. 
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SPECTRAL ENERGY DISTRIBUTION 

Figure- 3 shows the spectral energy distribution curves 
for two incandescent lamps with two different filament tem- 
peratures. Most incandescent sources fall between thes£ two 
extremes. 
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Figure 3. Spectral Energy 
Distribution for an 
Incandescent Lanyp. 
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In all cases, the output contains^ considerably more^ fed 
light than blue. Thus, incandescent sources -produce a yel- 
lowish- or "warm" atmosphere. Even so, incandescent lamps ■ 
provide acceptable color rendition. Incandescent illumina- 
tion is so common that most people accept, the colors produced 
by i^t to be natural,* even though the light produced is con- 
siderably different from .daylight'. 
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LAMP. CHARACTERISTICS , 

9 

The characteristics of incandescent lamps vary greatly , 
with the size and design. of the lamp. The efficacy generally 
increases with lamp wattage. The efficacy of a 60-watt bulb 
is 14.3 lumens/watt. The effidacy of a 100-watt bulb is 17,5 
lumens/watt. Large wattages (1,000 to 10,000 watt) have ef- 
ficacies in the range of 20 a to 30 lumens/watt. Lower-voltage 
bulbs generally have higher efficacies. This' is because lower- 
voltage bulbs have larger diameter filaments for the same wat- 
tage and-, thus, more light-emitting area. 

Light output of incandescent bulbs usually decreases by 
about 20% during the bulb's rated lifetime. Lifetimes vary 
from as short as 1 75 hours for large special -purpose lamps, to 
as much as 2^ 500 hours/ Lower-wattage lamps usually have 
longer lives, A typical 100-watt lamp has a rated life of 
750 hours; the life of a 60-watt lamp is usually over 1,000 , 
hours. 

Krypton fill extends the lamp's life to about 3,000 
hours. Quartz-halogfen lamps have about twice the lifetime 
and half the lumen depreciation of ordinary incandescents , 
Lamp efficacy increases with increased voltage , but the life- 
time of the lamp drops. Low vol'tage operation reduces effi- 
cacy and increases' lamp life, 

Figure 4 shows the energy distribution of an ordinary 
100-watt incandescent bulb. Only 10% oftan incandescent 
bulb's input energy appears as visible 1 ight , Efficacy is 
further lowered because most of this light is- on the red end 
of the spectrum and not in the 'green-yellow region where the 
eye is most sensitive. Seventy-two percent of the input en- 
ergy appears as infrared (heat) radiation. The remaining 18% 
heats the bulb and its fixture. 
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Figure 4. Energy Distribution of an Incandescent Lamp, 

All 'energy consumed by the light source eventually 
appea-rs as heat in the lighted environment. Even that part 
of the energy that is converted to visible light is changed 
to heat when it is absorbed by surfaces. 



FLUORESCENT LAMPS 



* The following 4 material centers -on the c6nstruction, 
el-fectrical characteristics, spectral energy distribution, 
and lamp characteristics^ of fluorescent lamps . 



LAMP CONSTRUCTION 



Fluorescent lamps are long glass tubes filled with mer- 
cury vapor, A small amount of argon or argon-neon gas is 
added to increase electrical conductivity before the mercury 
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is fully vaporized. Atomic transitions in the mercury . atoms 
produce light at several visible and ultraviolet (UV) wave 
lengths . * ' 

The inner wall of the glass tube is coated with a phos- 
phor that allows the visible 1/ght to pass through, but ab- 
sorbs the UV and converts it to visible light by fluorescence. 
The electrodes of the lamps are called cathodes and may be 
either "cold" metal plates or "hot" coils of wire. 

Most fluorescent lamps employ the heated cathode* This 
cathode may be heated by a separate heater circuit or by cur- 
rent flow through the gas. Fluorescent lamps are available 
in a wide range of sizes, but -the mosj common are the four- 
fo-ot-lamp, rated-at 40 watts, and the eight-foot lamp, -rated 
at 110 watts. High output models provide, higher wattage and 
more light per foot of length, but high output models -are 
. usually less efficient, 

ELECTRICAL CHARACTERISTICS 

All gas discharge devices require a ballast to limit the 
current. Otherwise, high current* surges would soon destroy 
the device. The most .common type of ballast for ' fluorescent 
lamps is an inductor in series' with the lamp. This produces 
a lagging power factor for t many fluorescent lighting systems. 
Some modern lamp ballasts employ both inductors and capacitors 
in the ballast circuit to provide either a balanced power 
factor or a slightly leading power factor, 

Sever.al methods may be used to* start fluorescent lamps. 
Older lamps employed a separate starter that heated the cath- 
ode to operating temperature before the operating voltage . 
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was applied' to the lamp. Once the lamp is in operation, <the 
cathbda^ heater circuit is turned OFF, Instant-start lamps s 
have no separate cathode heater circuit. To start the lamp 
instantly, a high-voltage pulse heats the cathode and ini- 
tiated' the discharge. * , 

The latest type of -lamp starting, and the one used in 
most modern installations, is rapid-starting. Rapid-start 
lamp s have low resistan ce cathodes that ckn be heated con-' 
tinuously during lamp operation with low power losses. The 
heater circuits of the cathodes* are turned ON at the same 
time as the main discharge. The lamp dose not light until 
the cathode temperature has reached the proper level. This 
usually ■ takes, one to two seconds. Lamps designed for one 
type of starting. system should, in general, not be used with 
another type of starting' system, although there are some ex- 
ceptions , 

SPECTRAL ENERGY DISTRIBUTION 

Fluorescent l^mps are available with several different 
spectral distributions depending on the phosphor used fov the 
tube coating, -.Figure 5 shows the spectral energy distribu- 
tion curves of six of the most common lamp types. All .types 

contain the stroivg spectral lines characteristic of mercury- 

> 

vapor discharges. 

Cool white lamps, are often selected for offices, factor- 
ies, and commercial areas where a psychologically cool working 
environment is desired. This is the most popular fluorescent 
lamp . ' » 
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Figure 5. SED Curves - Typical Fluorescent Lamps. 

«* , 

The deluxe cool white is used for the same general appli- 
cations, but produces more red light and is therefore , more 
flattering to the appearance of people and merchandise. It 
has the best color rendition of any fluorescent. # - 

Warm -white fluorescent lamps are designed to have a colof 
spectrum close to that of incandescent lamps. These lamps 
are used whenever a" warm social environment is desired. 

- * Deluxe warm white lamps haVe~an .additional red element 
that more closely approximates the appearance of incandescent 
lighting. Deluxe warm white Lamps more flattering to the ap- 
pearance of people and are recommended for use in homes and* , 
Social areas . — 
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White fluorescent lamps are used 'for general lighting 
purposes when neither a warm nor a cool atmosphere is to be 
created. They produce more light in the green, yellow, and 
orange portions of the' spectrum and are a little more effi- 
cient for general illumination, Dayl ightr*bulbs are designed 
tp produce an effect close to that of natural daylight. The 
spectrum is fairly well-balanced, but Contains more blue 
light than red, * 



LAMP CHARACTERISTICS \ 



The efficacies of all fluorescent lamps are higher than 
for any incandescent s , They-, rahge from 40 lumens/watt to ,80 
lumens/watt with an average of about 60 lumens/watt. The 
•light output of fluorescent lamps drops by about 10% during * 
' the first 100 hours of operation. After that, the drop is 
much more gradual. For this reason, the lumen output of 
these lamps is specified at 100 hours of operation. Lumen 
deprecation depends primarily on lamp current. Standard 
lamps will typically depreciate only about 10% in 10,000 
hours of operation, \High-Gurrent .models may^ drop by 40% in 
the same time, 

~~' * Fluorescein lamps are not as sensitive to voltage varia- 
tions a^- incandesVents , but fluorescent JLamps are still af- 
fected by voltag,e variations, Overvoltage operation increases 

^the current in both the lamp and the ballast. This overheats 
the ballast and increases the lumen depreciation of the lamp, 

Undervoltage operation reduces light output and efficacy. 
If the voltage is low enough, the cathode may run too cool 
.and be damaged. Fluorescent lamps are designed to. operate, . 
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most "efficiently with w^ll temperatures of 100°C and' lamp ' 
•efficacy drops on either side of this temperature. Fluores- 
cent lamps must, therefore, be protected from drafts^and air 
flow from air conditioners. 

The lifetime of a fluorescent lamp is Limited primarily 
by 1 the number of lamp starts'. Starting the lamp degrades -the 
rathode coatin g, and after a sufficient number of starts, the 
lamp will no longer function. Lamp startirig also degrades 



the phosphor coating and increases lumen deprecialnroi 

In most cases, the J.amp is -degraded to an uneconomical 
light output before it actually fails. Lifetime ratings vary 
with the average time the lamp is ON each time the lamp is x 
started. At an average oi three hours of operation for each 
start, most fluorescent lamps have a lifetime of 9,000 to 
12 ,000 hours/ This is much greater than the lifetime of any 
incandescent lamp. Special precautions must be taken if 
fluorescent lamps are to-&e operated in an< environment where, 
the relative humidity exceeds 651. 

Figure 6 shows the energy distribution of a typical 40- 
watt fluorescent lamp. The nonradiative losses include- the 
power necessary to heat the cathode and losses in the bajllast 
About 22% of the ii\put energy is converted to visible light. 
Since the spectral distribution is usually bette'r than that 
of incandescents, efficacy is generally three or , four * times 
as great. Thus, a 40-watt fluorescent lamp produces almost* 
40% more useful^iniuminat ion than a 100-watt incandescent, 
A 40-watt fluorescent lamps also lasts about 20 times as long 
as a 100'-watt * incandescent lamp, 4 v 

Another attractive advantage of fluorescent lamps i$ 
their la«e jlight- emit ting area at, low brightness. This 
greatly reWces discomfort glare. 



Fluorescent lighting is 
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the most popular and economical type for indoor areas 
color rendition is important. 

Several manufacturers have been conducting r\*^ea>rch on 
fluorescent lamps that are direct replacements for incandes- 
cent bulbs. These are small fluorescent lamps with internal 
ballasts and screw bases to fit ordinary lamp sockets.' ^mall 
fluorescent lamps that fit traditional laiiip sockets are ex- 
pected to.be available in^ early 1981 in sizes from 9 to 26 
watts; — The efficacy Is- about^Sl? lumens/watt and tfre rated J ~ 
lifetime is 5,000 to 7,500 hours. 
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Figure 6. Energy. Distribution for $ Fluorescent Lamp, 



HIGH- INTENSITY DISCHARGE (HID) LAMPS 

The following material centers -on high-intensity dis- 
charge lamps. Topics include mercury-vapor lamp constructidn , 
metal halide lamp construction, spectral energy distribution, 
and lamp characteristics of HID lamps. f 
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MERCURY/VAPOR I^AMP CONSTRUCTION 

1 • * „ 

Fr&ure 7 shows* the construction ^details of a high-inten-. 
sity 'discharge , mercury-vapor lamp, -The are tube of this 
lamp contains a small pool of liquid mercury that is vapor- 
ized during operation to produce a meixury pressure of sev- . 
eral times atmoshperic pressure. The ^rc tube is made of 
quartz to withstand the operating temperature of about 
17D00"°C". Like alL'gST^aSctiSfJW lamps ^hirme^ 
quires a ballast to limit current. Some ballasts include 
transformers that change the line voltage to the lam^oper- 
ating voltage. Others incorporate capacitors for p<ower factor 
correction, / 
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Figure 7, Mercury-Vapor Lamp and Arc Tube, 
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The mercury lamp is s^ffic^ed by ^ small arc* produced bV^" 
♦'tween the starting rflectrQjdfe anci one o£ the wain electrodes. 
This heats the ^lamp Xa^ap.orize the mercury and ignites the 
main discharge. Lamp warmupr takes ,*£rom four to seven min- 
utes. The outer bulb of the mercury lamp serves several £ur 
poses,. It absorbs harmful ultraviolet wavelengths, retains 
heat to maintain the proper operating temperatifre of the 'arc 
tube, and may be coated with a phosphor that converts sbnve 
th e TJV~Tight into visible lights Mercury lamps may : be oper- 
ated in any position, although vertical mounting results in ^ 
three to four percent more light output. 



A 



METAL HAL IDE LAMP CONSTRUCTION 

\ * 

Metal halide lamps are\similar to msr 0 cury-vapar- lamps *in 
con's truQti.on Itad operation, \The arc fubeV-x>f these lamps 'con- 
ta/n inei^ury>*4£^^ also .contain halides^^sually ipdides) 

of other metals, T^diuiji, scandium th$£iium , '^i ; indiuip mefy 
be used, J * \ *. £ 

Because pf a inore complicated^krrangement* the start- 
„ing electrodes, nretal halide lamps 

'one position. Models f or~ hori^ntal ^ppntirig; ;ha#e' A arc tubes 
that curve upward in the middle* to Better d$ : 3feftbute the heat 



of .the arc over their surface, 
characteristics are similar^) 

SPECTRAL ENERQ^ DISTRIBUTION 



*T'fte S$aftxng* and operating 
thos* of **ihe mercury lamps. 



\ 



\ 



Figure 8 shows the spectral energy distribution curves 
of two typ-es of mercury -vapor lamps. The( mercury vapor 
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: igure 8. SED Curves for Mercury -Vapqr Lamps, 
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discharge emits most of its' light on the four Strong visibly 
wavelengths shown and on six wavelengths in the UV. 

In the clear mercury lamp, the UV is absorbed by the • 
outer bulb and only the visible light, is used. Several types 
of mercury lamps are available that employ phosphors to con'* 
vert some of the UV into visible radiation for better efficacy 
and color rendition. 

If the total lumen output and color »f erudition are the 
onl^ factors considered, the coated l^amps are far superior. 
However, if the light source is a large distance from t the sur- 
face ta be illuminated, light control becomes important. 
Clear* mercury lamps are small sources and their light can be 
easily controlled for long-distance application, such as in 
outdoor sports stadiums. Coated mercury lamps are; much larger 
sources and can be used only for more diffuse, more ^lpse ap- 
plications. ' ■ 

Figure 9 is the output spectrum of a typical metal halide 
lamp. These lamps produce some light at all wavelengths in 
the visible spectrum and, thus, provide goad color rendition 
when they are operating pr'operly. Metal*- halide lamp color 
characteristics, vary considerably with operating temperature 
and, thus, with voltage. At loWer /than rated voltage, thfe 
lamp temperature "is below norjnal *and less of the sodium is 
vaporized. This results in Less. red and yelloto light 1 and a 
strong blue appearance. At' overvolt^ges , tpo much sodium is 
vaporized 'and the color becomes pink* Color also varies with 
lamp age, and if color characteristics *are important K all 
lamps in a system should be replaced at the same time. t 
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Figure 9. Spectral Energy 
Distribution for Metal 
Halide Lamp. 
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HID LAMP CHARACTERISTICS 

< Like fluorescent lamps, the output of HID lamps is rated ^ 
at 100 hours of operation because, of early, rapid, lumen de- 
cr.eciation. The efficacy of mercury lamps is usually 50 'to 
60' lumens/watt • Metal halite lamps have efficacies as high 
as 80 lumens/watt. Mercury lamps have rated lifetimes in ex- 
cess o€ 25,000 hours. Metal halide lamps have-'lifetimes of , 
10 ,Q00 hours^ or a little less. In both .cases, lumen depreci- • 
' ation is ^ more -likely reason for replacement than lamp fail- 
ure. 

4 The output of mercury-vapor lamps, drops to about 801 of 
the rated value after 10,000 hours of . operation. After . 
20,0Q0 hours, output is only about 60% of the original. Metal 
halide lamps reach these same values in* about half the time.^ 
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Some merc'uiy^vapor'lamp sys'tems have automatic light 
level control that adjusts for lumen depreciation. A photo-, 
cell controls voltage to the lamps. Whea the lamps are new m . 
and have the highest efficacy, they are operated on reduced 
voltage. This saves energy and increases lamp life. 

As lamps age ^nd efficacy drops, the voltage needed to 
maintain desired illumination is increased. In such systems, 
all lamps should be replaced at the same time. Metal halide 
l&mps cannot be used in mercury-vapor lamp systems because of 
their sensitivity to voltage changes. 

Figure 10 shows the energy distribution of a .mercury 
'lamp. The mercury lamp actually converts less of its total 
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Figure 10. Energy Distribution' for Kercury-Vapor Lamps. 
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Input energy to visible light than the fluorescent lamp. 
However, mercury lamp efficacy is higher because most of its 
light is at wavelengths to which the eye is very sensitive. 
This further illustrates the need to consider the efficacy 
of the source, rather the efficiency. 

Figure 11 is a similar chart for a metal halide lamp. 
Its energy conversion efficiency of electrical energy to 
visible light is only slightly greater than that of fluores- 
cent lamps. However, the spectral energy distribution of^a 
metal hide lamp is such that the light it produces is more 
easily seen than the light of a fluorescent lamp. 
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Figure 11. Energy ' Distribution for Metal Halide Lamp, 
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HIGH-PRESSURE SODIUM LAMPS 



The following material explains the construction, spec 
tral energy distribution, and lamp* characteristics of high- 
pressure sodium lamps. 



LAMP CONSTRUCTION 

The construction of a high'-pressure 'sodium lamp is simi- 



lar to that of a mercury lamp, but the sodium lamp contains 
no starting electrode or resistor. Ttfe~^ar^ tube is made of 
a special, form of translucent aluminum oxide that can with- * 
stand the corrosive sodium vapor at high temper*fewe (up to 

m 1,300°C). The small diameter of the are tube helps to main- 

• tain the high temperature necessary/ but leaves no space for 
a starting electrode. Starting is accomplished by a circuit 
in~the ballast. 

In addition to sodium, the arc tube contains xenon gas 
and mercury. A pulser circuit in the ballast supplies 2,500 
V pulsfes that ionize. the xenon. The xenon -arc slowly heats 
the arc tube to the ' paint that the mercury begins to vaporize, 

At this point in the starting process, the lamp has the 
bluish-white color of a mercury lamp-. * As the temperature in- 
creases, the sodium vaporizes and the spectrum shifts to the 
monochromatic yellow that is characteristic of a low-pressure^ 
sodium discharge. When the lamp reaches its normal operating 
temperature, its spectrum broadens to include other wave- 
lengths. The operating pressure is about 200 mm of mercury. 
_ The lamp is termed "high pressure" because* its pressure is 
mpch greater 'than that of the low-pressure sodium lamp dis- 
* cussed in the next section. 
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The starting process requires about three minutes. If 
a sodium lamp -is turned OFF, it may Efle restarted in about one 
and one-half minutes, A mercury lamp, however, has a re- 
strike- time of about five minutes, *- 

SPECTRAL ENERGY DISTRIBUTION 

Figure 12 is the spectral energy distribution curve for 
a .high-pressure sodium lamp. These lamps produce light at 
all visible wavelengths, but most of their radiation is in 
the yellow-orange range. This gives them their characteris- 
tically high efficacy (140 lumens/watt)^ but results in poor 
color rendition. 
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Figure 12, Spectral EnergY 
Distribution for HjLgh - 
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Blue and green objects appear very dark. Red objects 
appear orange. Tints of yello^^nd orange cannot be distin- 
guished from^white.^ Therefore, the color .characteristics of 
high-pressure sodium lamps make them unsuitable . for most in-- 
door illumination applications, , 



LAMP CHARACTERISTICS . 

• • 

High-pressure sodium lamps have typical efficacies of „ 
110 to 130 lumens/watt, with some models reachinjg 140 lumens/ 
watt. The lifetime ratings vary from 15,000 hours to 24,000 
hours. -As the lamp ages, its required voltage rises,'* Even- 
tually, the lamp exceeds the voltage capabilities o^ the bal- 
last and the lamp will no longer operate. The lumen depreci- 
ation is the lowest of any high? intensity discharge lamp. . ^ 
Most high-pressure sodium lamps produce 80^. of, their rated 
output at the end of their lives. 

Figure 13 is an energy distribution diagram for a high- 
pre'ssure sodium lamp. Its high efficiency and spectral dis- 
tribution gives it the highest 'efficacy of any lamp that can 
be used for general illumination. The long life and retention 
of high* effidacy of a high-pressure sodium lamp makes it a 
popular light source for any applications for which it is 
suited. The high-pressure sodium lamp is widely-used for * 
outdoor and street illumination. 
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Figure 13. Energy Distribution for the Hrgh-Pressure 
* * Sodium Lamp. 



^OW-PRESSURE SODIUM LAMPS 

< The following .material explains- the construction,. spec- 
tral, energy distribution, and lamp characteristics of low- 
pressure sodium, l*amps . * 



LAMP CONSTRUCTION 



Figure 14 shows the basic construction of a low-pressure 
sSdium lamp. These lamps are available in the power range of 
35 to 180 watts, with lengths of 12-to 44 inches. The U- 
shaped discharge tub6 is lined wijh borate ta withstand the 
sodium vapor. 
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Figure 14. Low-Pressure Sodium Lamp Parts. 

Swellings in the^tube contain small amounts of sodium. 
The tube contains a nebn-argon mixture foi* starting. The \ 
outer tube of the lamp\is internally coated with indium oxide. 
This allows the visible" light to escape, but reflects infrared 
light back into the lamp to maintain heat and conserve energy, 
A vacuum between the two tubes prevents heat loss through con- 
duction, as in other gas discharge lamps. 



SPECTRAL ENERGY DISTRIBUTION 



All light putput of low-pressure sodium lamps is produced 
at approximately 589 nanometers (nm) , LigjftMs a slightly 
orange hue of yellow. This wavelenth is^seen easily by the 
human eye, resulting in-£ high efficacy. However/ 'the mono- 
chromatic (one color) characteristic of this source makes it 
unsuited for applications th^t require an ability to distin- 
guish between colors. ' 
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LAMP CHARACTERISTICS 



4^w^^es-swe^odiuift— 1-amp^s— haAte^n— e££ica^y--o £- 183 lumens / 



watt (lamp only) and maintain this efficacy throughout their 
rated lifetime of*18,000 hours with little lumen depreciation^ 
Figure 15 is an tfeergy distribution* chart for a topical low- 
pressure sodium lamp. The low-pressure sodium lamp has the 
highest efficiency and efficacy of any light source kftown. 
These lamps have existed for about 40 years, although not 
with the present efficacy. 
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Figure 15. Energy Distribution of a Low-Pressure 
• * Sodium Lamp. 

\ 

Low-pressure sodium lamps have been largely ignored be- 
cause of their, poor color-rendering characteristics. Recent 
concerns with energy costs have sparked renewed interest in 
IpiApr^tec ii r A sod i um l a m pg for appl iratinn<; in storage areas. 



equipment rooms, and television monitbring areas v * Low-pres- 
sure sodium lamps are the most economical light source for 
applications . that require no color discrimination. 
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COMPARISON OF LAMPS 



Table 1 lists the specifications for several light 
sources that are availabe. Values for efficacy are calcu- 
lated using the input power to both lamp and ballast foiv all 
ga^ discharge -lamps . m 

Corrected efficacy values for the lamp lumen deprecia- 
tion over the lamp lifetime are also given, as are values 
with respect to a 100-watt incandescent lamp as 1.0. The 
rated lifetime of each lamp has been included. 

This table compares only efficacy arid lifetime and can 
not be used alone as a lamp, selection guide. Color rrenderin 
characteristics of lamps are usually of great importance. 
These characteristics are ijot included in this ta-ble. 
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TABLE 1. LIGHTING EFFICACY OF VARIOUS .LIGHT SOURCES 
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* 48" Lite White - 2 Lamps Per Ballast (Rapid -Start) , or with energy savings tfellast 82. lumens/watt . 
** 48" Cool White - 2 Lamps Per Ballast (Rapid -Start) . J 
*** 96 M (800 ma) Cool White - 2 Lamps Per' Ballast (Rapid-Start). t / 

**** Mercury DX (Deluxe White). 
***** Other 1,000-Watt Metal llalide Lamps available now are: GE's "1-Line Plus" - 115,000 lumens; and 
Sylvania's "Super Metalarc" - 125,000 lumens. 




LIGHT CONTROL 



".Light control" is the term applied tc> the process of 
directing- the light to the ^^ired location oncTe it is pro- 
duced by the source. A luminary is a lighting system compo- 
nent that houses the light source and its electrical compo- 
nents and provides for light control- Light control may be 
accomplished by reflection, by diffusion, or through the ap- 
plicatibn of lenses or prismatic element's ✓ # . 

A range of luminary typues is available for each type 
of light source. They are usually described in terms of 
candlepower provided in specific directions with, specific 
light sources. The candlepower distribution curves v of six' 
types of luminaries used for general illumination ^are shoWn 
in Figure 16. Luminaries' play a ke^ role in, every lighting, 
system. 
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Figure ^16/ Luminaxy Classifications. 
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SUMMARY ' 

** # 

\ 

The selection of light sources for any application's 
based on four ma-jor characteristic^ of light sources: 

1. Efficacy is vthe ratio of light output to electrical 
input and^is expressed invlumens per watt. 

2. .The spectral energy distribution describes the relative 

porportions of . different visible wavelengths' that are 
present in the output and indicates the color rendition 
of the source. 



3. Lumen depreciation describes the rate tat which the Jight- 
producing ability of the source decreases with, time, 

4. Li fetime is.- the average useful operating life o'f the 
source . , * 

Incandescents offer the lowest efficacies and shortest 
lives of alay sources. 

"Fluorescents have a muclj^greater efficacy aad lifetime 4 ^ ' 
and, thus, provide more ' economical illumination, ' *\ 

High-intensity discharge lamps several types offer^ 
high efficacy, iQtig life - and high intensities^ although the 
color, rendition is not as'^good as that of f luorescents . 

Lbw-pressufe sodium latnps are the most efficient metho.d, 
* of illumination .now known. However, their monochromatic 
natur^ makes them unsuited for 'most^ applications / " •* - * . 
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EXERCISE 



1. -The .following lamp types are described in this mo 



dale : 




a . Incandescent 

» * - « • 

b . ' Fluorescent' 1 

c. Mercury -vapor , 

d. Metal halid'e L > ^ 

e. High-pressure sodium ^ 

f. Low-pressure sodium 

Write a* paragraph comparing allof these lamp types* ' - 
.according to the following characteristics: 
&. Efficacy . ' . • ' 

b Lifetime . . 

'c. I,umen depreciation 
d. - Spectral-eftergy distribution- 

2. * Describe. tW general construction and method of* producing 

• lights in each lamp type/ 

3. % • Describe £he lamp starting mechanisms used with each of 

th'e following , lamps : f 

a. Mercur.y-vapor ^ * 

b: High-pressure sbdium 
c Rapid-start fluorescent 
4* Describe the changes "that occur in the output of the. 

foil-owing lamp's'-when the" applied voltage is increased or 
decreased:* 1 * 
a . Incandescent » * 
Ik Fluorescent . 

c . Mercury-yapor 

d. * . Metal halide * 

• - e<r v High-pressure sodium * " ► . 

5 ; . Explain the need for a ballast wi*th some lamps. 
6. Explain the term M light control 11 as it\applies to lumi- ^ 
, ;na£-i'es. y • - • 
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LABORATORY MATERIALS 



V 



Footcandle meter « * , - ' « " 

Yardstick or- tape measure' calibrated in feet*" , 
Several light soured * 

Circular A graph pap^x;, 'one piece for each §ourte. measjare'd 
Poster board with ra'dial lj.nes ftom the center at,10 6 



intervals * 6 t! 



LABORATORY PROCEDURES 



The purpose of this laboratory is to make the ^nece«ssary^~\ 
measurements and" calculations and draw candlepo^r «3istribu-' 
tion curves for a nUirfbtfr. of light sources, . 

Suggested sources are a bare incandesfent btilb^ a 'desk * 
lamp, a .fluorescent luminary, and spotlights or.^flopd lights. 

In all case^, t£e measurements must be made in a darkened* 
room. - Care must be taken. to ensure that only direct illumina- 
tionfrom the source being^ measured reaches the footcandle* 
meter. Reflected light -and light from t>'t-her scHirces* must be 
minimized. If „ this is. not jtractic^l', ' two measurements may be 
made: one with the source to be pleasured- ON. and one with it \ 
OFF. The difference can.'*then .be entered in the Data/Table as 
the illumination provided. * 

Make a Data Ta%X§l similar to the one given as a' sample 
for each* source. Follow the stepsydutlined' below for each.. 

1 4 . . Position the source in a horizontal plane - over the posteT 
board so the 0* link o£ the board is perpendicular tp the 



face . of the light source. All measurements may then be' 
made* in a horizontal plane at.the height of tile source, 
If other "geometries are used, all measurements must be 
* * m'ade in the same plane and* the geometry should be identl- 

* , fied iij the- Data' fable. 
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Use the footcandle meter .to measure the- direct illumina- . 
tion provided by the source along the 0° line at a <con- 
venient distance from the source* Measure the distance 
to the center of the source. Record both the distance 
and thei illumination in the Data Table. 
Move horizontally to the 10° mark on one side and^mea- 
sure the illuminat i&i provided at the sam% distance. 
Record the distance to the source and the\]illuminat ion 
in .the' Data Table-. 

Continue this process until measurements have beeri**>taken 
every 10° through an entire circle. Be sure the face of, 
the footcandle meter is pointed directly at the source 
in every measurement. • 

Divide the illumination in footcandles for each- data 
point by the square of tjie distance _iri • feet .to obtain 
the candlepower of the source in that direction. Record 
this %n the Data Table-: 

Dr2vf a'graph on a piece of circular graph paper wi.th the 
radial scale calibrated in candlepower/ Choose a con- 
venient radial scale to show the candlepower distribu- 
tion of the source. 

Classify the distribution of the source according to the 
criteria given in Figure 16. / 
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DATA TABLE 



DATA TABLE . 
(Sample) 



"Pescription of source: 

V 



Sketch of source: 



Angle 


Illumination 
(footcandles) 


Distance 
(feet) 


Candlepower 


0° • 








10° 








28° 








'30° 








40° 








> * 
























350 ,o t • 






* 



i 



*Note: Ellipsis denotes missing numbers. 
* 
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TEST 



Plfease circle the appropriate answer., * . 

The reasons for the popularity ^of incandescent lamps 

for many applications include ... 

their close approximation of natural lighting, 
'b.^ their relatively long lifetimes. 
*c. the lowest lumen depreciation of any lamp except 
the low-pressure sodiiffn. 

d. Both, a and c ar.e correct. ' 
- e. None of the above are correct. 

If a lamp appears as avbright blue point source, > 

it is a . . . , 

a.- deluxe white mercury lamp-/ 



b. " high7pressure podium lamp. 

c. quartz-halogen incandescent lamp. 

d. clear mercury lamp. 

e'. metal halide lamp. . ' 

3.' Characteristics of the low-pressure sodium' lamp include 
the ... 

^ a, highest efficacy of any lamp known. 

poorest color rendition of any lampjfnown. 
highest electrical energy to visible conversi&ft 
efficiency of any lamp. 



c. 

d. 
e . 



lowest cost illumination' available . 
All of the above are correct. 
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4. When comparing metal halide lamp^,and high-pressure 
sodium lamps, the metal, ha-lide lamps are superior in ... 

a. efficacy. 

b . lifetime . ^ • 

c. lumen Ideprg ^i at ion. 

d. co lor rr end it ion ~~ 

e. Both la and d are correct. j 

f. Both b- and c are correct. 
Both a and d are correct. 

5. 'The lamp with the greatest -change in spectral character- 

istics as voltage changes is the ... 

a. low-pressure sodium larop. ^ 

b. incandescent lamp. 

c. metal halide lamp. ^ 

d. mercury-vapor lamp. 0 ■ 

e? high-pressiftee sodium lamp. 

6. The efficacy of a hi&h-pressure sodium lamp is ... 

a . almost 30$ . v v 

b. about 130 lumens per watt. ^ v 

c. more than twice that of a mercyry-vapor lanjp. 

d. All of the above are correct. 

e. Only b and c are true. 

7. Most fluorescent lamps ... 

a. start An about two seconds. 
* b. have external ^lamp starters. > 
' c. start insantly when power is ^applied to the lamp. 

d. employ- cold cathodes for rapid ^tarting. 
L e. Both a and d*are true. .» " • 
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Clear mercury lamps are superior to deluxe white mercury- 
lamps in ... * ' * 

a. lifetime. ^ ^\ 

b. color reiiditioiu ^ • 

c. flight cofntrol. ^ . . ^ 

d. » efficacy. 

-e. Both c and* d are correct. ^" . „ 

Which* of the following is always a functiori'.of the lamp 

ballast? A 

a. Lamp starting ( 

b. * Current limitation 

c/ Power factor, correction 

d. Voltage regulation ^ 

e. Both b and c are correct. - ^ m 
Which of the following is trlie of fluorescent lamps? 

a. The lifetime is dependent* *only on the number of 
starts. v-* ^ t * 

b. Lamp efficacy is more dependent on the- ambient tem- 
perature than for incandescent lamps. t . a 

g. The lumen depreciation is greater than that of in- 
candescent lamps. 

d. Operating at an. ov.ervoltage has no effect on lairfp 
lifetime. „. . \ % 

e. Both a and b are true. . /. " • 

f. All of the above ire true. 



\ 
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INTRODUCTION 

» 



Increasing energy costs have stimulated interest in 
energy conservation in every facet of American life: Qne 
of the most common - antl most inefficient - uses of energy 
is the production, of light- energy -from electrical energy. 
Module\l-07, "Light Sources, " compared the„ef f iciencies : 
and characteristics o'f alj light * Sources in common use. 

This module, PI-08, "Efficiency in Illumination Sys- 
tems," discusses energy-efficient iTT^rnation systems that 
save energy ~an d mo Trey—ftrr — the owner. — — - ' 

Topics include efficient lighting design, the efficient 

use of light sources and luminaries, maintenance programs, 

and energy-saving tips ftor lighting system operation. ' 

» . * ' * 

The cost . of incandescent "and"~fluorescent lighting for 

residential applications is discussed and illustrated, and- 

the methods pf calculating lighting costs most often used 

/ by industry are presented. This module alSo explains the / 
Relationship '"of energy wast£ in lighting systems to the 
overall energy shortages ; • 

* In the laboratory, the jstu^ent will examine an illumi- 
nation system and delineate ways in which it might' be^made 

* 'more efficient. / - . 



. PREREQUISITES 

Thfe student should iuive completed Module PI z07 f m "t*ight 
Sources." , .. ■ 
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OBJECTIVES 



Upon completion of this module, the" student should be 
able to: ' . 

1. State the percentages of electrical energy and total 
energy that are* used for lighting in this country; 

2. Stat^ two reasons for the high interest in efficiency 

of lighting systems. ^ 
> * s 

3. Discuss how lighting systems may be designed for more 

efficient use of the light that is actually produced.. 
Include the effects of light control, task illum£ryation 
. and the color of interior surfaces.. ^/ 

•4. List the six major lig|it sources presently use,d anci the 
maximum efficiency that can be achieved with each. * * 

; ^Describe the factors affecting frhe efficiencies of 

^''^lumia^jfies. 

6/ w De^ribe the 'operation of "three types of fluorescent 
luminaries using thermal control and the relative 



effect iveness of each. 

7. Describe the circumstances when a net financial saving 
may be" achieved by turning OFF each of the following 
light' soui*Ces and when they should be le*ft ON — even v 

v if not itfi use" for a pericjd of time? 
a*. - Incandescent lights ' 

b. Fluorescent lights * 

c. High-.intensity discharge lights' 

8. Describe the, procedure that s-hould" be fallowed for the 
maximum energy saving wheii delahnping 'fluorescent* iumi- 
diaries . •* • 4 

9. Describe the two primary functions that are part of ,\ 
eveYy maintenance .program for, energy- efficient illunji-^ 

. . nation Systems. ,2^ r 
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10. Given the cost of electricity, the wattage of lamps 
"'•in an illumination system, the average yearly use of* 

the system, the rated lifetime-of. the lamps,' and lamp 
cost, determine the .annuel ■ cost of system operation. 

11. ' Given a situation where a more efficient lighting sys- 

tem is 'to replace an existing system (an'd all ^ost 
information' on both systems), -determine the tim£ re- 
quired for the new system to repay its, initial cost 
through savings in operating costs.* 

12. Gitfen all cost information oji -a lighting system and 
the expected lifetime of the system, calculate" the 

v lifetime cost of the system and the- annual cost of the 

system. y , \ 

13. ' Examine a, lighting system arid prepare' a report describ 

ins methods that could be- used td make /the system more 
* ■ efficient . 
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1 SUBJECT MATTER 



iNERGY AND ILLUMINATION „ 

. r • . ' - , 

The energy crisis has brought about increased awareness 

o£ er^efrgy use, waste, and conservation. Every segment o£ 

^society is encouraged by either government, regulation or 

economic necessity to reduce energy consumption and use 

ervergy'more efficiently. . ' 

One area that has attracted much attention is lighting. 
Judging from the emphasis' sometimes placed on energy. waste 
in lighting, it might seem that the only way<to solve ^the 
energy crisis is to turn out all the lights. That, however, 
is not the answer. 

This section discusses the energy used, for lighting, 
bhe relationship of lighting to the energy crisis, and the 
economic factors that are the reasons for renewed interest 
•in- lighting efficiency. 



J5NERGY REQUIREMENTS FOR ILLUMINATION 

About 25% of thp energy consumed in this country* is 
i?rsed to- generate electricity. Approximately one-fifth of 
the electrical energy produced is used for lighting. Thus, 
lighting accounts for only S% of the total energy consump- 
tion of the country. . V 

Table X is a breakdown of illuminat ion| energy use by 
consuntaj^ group. Both percentages' of total illumination and 
total national energy consumption ajre, listed for each con- 
■ sumer group. This table illustrat es t^e point that a gi;eat 
reduction in the use of illumination is jnot a solution to 

*/ •, • • •• 
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the nation's energy problems. More .efficient flighting is 
certainly a part of the solution , but much greater energy 
savings may' be attained in other areas. 

4 



\ 



TABLE 1. USE OF ENERGY FOR ILLUMINATION . 



Customer Group 


Percent of Lighting 
Energy Used t 


Percent of National 
Energy Consumption 


Residential 


20% 


1.0* 


Indust rial 


20% 


1.0* 


Stores 


2pi 


,1.0* 


Offices and Schools 


20* 


1.0*, 


Streets and Highways 


4 * 


0.2* 


Commercial Outdoor 


8* 


0.4* 


All Others 


8* 


0/4* 


Total 


100* 


> 5.0* 



Lighting has been emphasized in energy conservation 
for two reasons. First light ing is a highly visible form 
-of energy use. Electric light i's such a common part of lrfe 
in this country that it is one of the first areas to come 
to mind in association with energy waste. Many^e^r^jg^e^en 
politicians) assume that.. wa^ed-^lTgHTTs our greatest energy 
problem. It is not. 



COST OF LIGHTING 



The second reason for great interest in the efficiency 
of lighting systems has a more practical basis. Lighting 
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is one o£ the areas in which energy conservation is easiest > 
.to -apftly and in which conservation efforts are always re- 
warded by substantial financial savings. 

Efficient lighting is less expensive ' than inefficient 
.lighting. Since # 30 to 501 of the cost of operating a build- 
ing is usually -spent for lighting, a modest increase in 
illumination efficiency can have a significant effect on 
overall operating costs. 

Reduced' energy consumption for lighting brings -with it 
another energy saving. All the energy used for lighting 
eventually appears as heat in the illuminated area. If the 
space' requires heat-ing, lighting provides part of the neces- 
sary heat energy; . If the space requires cooling, additional 
energy is required to remove th^ heat energy introduced by 
the .lights', •Ixi an air condj/tionfed space, approximately one 
watt-hour of electrical energy is required by the a'ir con- 
ditioner to remove the heat* produced by each three watt- 
hours of energy used for lighting. 



IMPROVED UTILIZATION OF ILLUMINATION ENERGY 



IrTvPlT, the illuminating Engineering Society (IES) 



offered twelve recommendations for* the better utilization 
of energy expended for lighting, 

1. Design lighting for expected activity, (Light for seeing 
tasks with less light in surrounding non-working a/teas.) 

2. Design wit^ more effective luminaries and fenestration, 
(Fenestration* is the arrangement of openings, especially 
of windows, in the wall of 'a. building . ) 

3-"" UsX efficient light sources '(higher lumen/watt output). 
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4.. Usfe more effipient luminaires. 

5. Use thermal-controlled luminaires. / ) 

6. Use lighter finishes on ceilings, walls , ^floors , and - 
furnishings. 

7. Use efficient incandescent lamps. 

< 

8. Turn OFF lights when not neede^. . - - 

9. .Control window brightness. 

• * • *■ 

10. Utilize daylighting as- practicable. - f 

11. K^ep lighting equipment clean and. in good working 
condition/ 

12. Post instructions covering operation arid maintenance: 

This section discusses practical application of these 

I 

suggestions . 



ENERGY EFFICIENCY IN LIGHTING DESIGN 



The IES has published minimum recommended illumination 
levels for thousands of -tasks and areas. In each case, the 
'recommend 

acceptable for the performance of the visual task by "persons 
with normal vision. , » * ' • 

Illumination systems are normally designed to ,prov c id^ 
a higher level of illumination to a_c C o mmo dat e ;_ab n o r ma 1 eyes 
and lumen depreciation of/the System (a result of age of 
sources .and accumulation pf'dirt,on luminaries), 
ases, recommended levels are greatly' Exceeded..* . 
£sults in Jiigher- illuminatio'n levels than are requfi^ecU 
ning a .system for a lowef initial light output and im- 

umen' maintenance often provides adequate illumina- 
at an overall reduced cost. x , «' 
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Light control is a primary concern in the design of 
efficient lighting systems. The recommended illumination 
levels are for light on the task. In the past, the tendency 
has, been to illuminate the entire area at the level required 
for the task.. 

Current recommendations state that surrounding areas 
should receive only about one-thi^rd the illumination of the 
task sUrface. , This ^significantly reduces total ilttiminat ion 
requirements, while still providing a comfortable visual • 
environment. The on-task design method requires ^that the 
designer be familiar with tasks £nd task locations in avail- 
able space. 'On-task 1 lighting methods m£y m reduce the flex- 
ibility of the space for other uses. Same illumination 
needs may require modular systems and auxiliary task light- 
ing. 

The color of interior surfaces should always be con- 
sidered in the design of lighting systems. Whiles and .light 
tints reflect more light and increase the overall efficiency 
of the System. Light colors also provide a i^ore jeven \ llu„".. 
mination of the area and reduce the effects of glare and, 
•shadows. Under these conditions, slightly less light is 
actually required for the performance of many visual tasks. 

* • . * 

* . 

EFFICIENCY AND USE OF LIGHT SOURCES 

» *" ' . * 

Module Pr-07/ "Light Sources , discussed 4 the character-, 
istics of all common light sources. The* efficacy of impor- 
tant light sources is indicated by the chart in Figure 1 of 
this nfodule. Values given are the maximum attainable values 
^for each source* * 
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LUMENS fit WATT 



Figure 1 



Relative Efficacies 
joi Lamp Sources, 



/ 



T'he the^ret ieal' maximum efficacy is 673 lumens/watt. 
This is bas£c| on a sourqe" that is 100% efficient in convert- 
ing all its input energy into visible light at SSS nm, the 
wavelength at which -the human eye is most- sensitive. If a 
source converted all" its input energy to white light with _ 
an" even wavelength distribution throughout /the visible 
spectrum, its efficacy would be 220 lumens/watt. Obviously, 
such sources do *nbt exist* These values are given only for 
comparison. 

The most efficient source is the low -.pressure sodium 
lamp, but it ^produces all its light at a single wavelength 
and, thu5, cannot be used in any^ application that requires 
any. color rendition. , 1 . 

-The high -pressure sodium lamp has a broader spectral • 
output and only a slightly- lower' efficacy ♦ Since most of 
its light is in the yellow-green portion of the spectrum, 
it also provides poor color rendition . 
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Metal halide lamps are the highest efficacy sources 
that provide reasonably good colpr rendition, Me,rcufy-vapor 
lamps have the lowest Efficacies of any ■ high- intensity dis- 
charge (HID) lamps. Their popularity stems primarily* from 
the fact that they have been available longer than any other 
HID lamp and, thus,' have been accepted for many applications 
that might now be served better by another frlD source. 

Fluorescent and incandescent lamps' are* by far the most 
popular for general illumination. The fluorescent lamp 
offers both higher efficiency and a much longer lam^life. 
I/t is a farjnore economical light source than incandescent 
lamps in most applications. 

Incandescent lamps are still widely-xised $in residential 
illumination and are common j.n other areas as well. In most 
cases, incandescents should be replaced by f luorescents , 
However, if incandescents are./used, they should be used in 
the mc^t eff icient . manner possible* The efficacy of incan- * 

descent- lamps _Increases_wJLth.-lamp- wattage. .-A -1-0-0 -wat-t- in 

candescent bulb produces- 2.2 times the light as, a, 60-watt 
bulb. Thus, the most economical' use of incandescent iajnps 
is to use fewer and larger lamps. 

In selecting light sources, the efficacy of the source 
is almost never the primary consideration. Spectral .char- 
acteristics are most often the first criteria to be .satis.- * 
fied. 'An effort is then made to de'terraine the mos-t efficient 
source that pro/ides the necessary quality of* light, 

EFFICIENCY OF LUMINARIES 

• « 

0 » 
t « \ 

The overall efficiency, of any illumination system is 
greatly affected by the efficiencies of the. luminaries used, 
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A wide variety of designs and materials are available. Both 
the candlepower distribution and reflectivity of the Tumi- 
nary must be considered. An appropriate luminary should be 
selected to direct light onto the.J^ask - rather than to 
areas where light will not be used. 

Several materials may be used in luminaries for light 
dispersion, ' As an example of luminary efficiency, Table 2 
lists the relative efficiencies of materials used for light- 
dispersion in fluorescent luminaries. In each case, the 
material is introduced between the source and the illuminated 
.area. The first three elements listed are transmitting ^ele- 
ments; *the last two are reflective grids suspended below the 
lamps. All efficiencies given are relative to the 'glass v 
prismatic element. 



TABLE 2, EFFICIENCIES OF LIGHT DISPERSION' ELEMENTS, 



- 1 — 1 

Type of Drspersion Element 


u i 

Relative Efficiency -(%) 


Glass prismatic ^ 


. 100 


Acrylic prismatic 


99 


Dished acrylic 


87 


1-1/2" plastic louver 


67 


1/2" white aluminum louver 


52 
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THERMAL- CONTROLLED FLUORESCENT LUMINARIES 



WTdespread use of fluorescent lamps for ^commercial and 
office lighting', combined with increased interest .in energy 
conservation, has led to the use of several types of fluores- 
cent luminaries that are designed to reduce the heat load 
of the illumihated area. 

Figure 2 shows an ordinary luminary and" its heat dis- 
tribution pattern.* About -half of the heat an ordinary lumi- 
nary produces is transmitted directly into the illuminated 
area. % The other^half af the Jieat enters the ceiling plenum- 
and eventually shows up as heat gain in the building. This 
heat g&in must be ^overcome by the air conditioning system. 



FLOOR 
ABOVE 




i 



7 



HUPPLY . _ 

AIR p HEAT REGAIN 
DUCT 



CEIUNQ >c 




PLENUM NOT USED FOR 
RETURti Al^l OR EXHAUST AIR 



115. HOUSING TEMPERATURE 
<APPROXJ 



50% 



TOTAL HEAT REGAIN. 50% 
4. 



Eigura 2/ ♦Heat'Gain From, -Ordinary Rluorescent Luminary. 



Figure 3 shows the "improvement that can be made by 
sigiply* using the ceiling plenum as the^ air return duct. 
This reduces the direct heating of the 'space to 40%,- and 
reduces regain to 20 to 3/3 % . Air flow over the luminaries, 
and a small flow of air around the sides of the • luminaries 
removes any he§t remaining in the return air flow. This 
system requires no special luminaries. Actual' enfergy savings 
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depend. 'upon the ^percentage of _the ^return air that is ex- 
hausted from the building, . ~" , • 



FLOOR i 
ABOVE 



2 

Z 

CL 

. o 
z 

ID 



SUPPLY _ 
AIR A HEAT REGAIN 
DUCT 




CEIUNQ 




30%-40% LIGHT 
HEAT IN RETURN AIR 



100** HOUSING,. 
TEMPERATURE 
• <APPROX.) 

f ' ^ 



TOTAL HEAT REGAIN 20%'- 30%., 



-RETURN AIR 



Figure 3> Luminary in 'Ceiling Return Air Plenum. 

Figure ,4. shows a more efficient system. This system^ 
~asels ~a "luminary- "that is des-igned to returi\ air to the ceil- 
ing plenum through * slots ' in the luminary,' This metho^re- 
sults in better hea-t. transfer and .reduces the heat gain of 
the illuminated space by about 10% • 



C 



/ 

FLOOR 2 
ABOVE | 

a 

a. 

o 
z 
3 
tu 
o 



CEILING- 



SUPPLV 
AIR - 
DUCT. 



7. 



4 HEAT REGAIN ' 



---> 



T 

RE 



70% /// 




HEAT REGAIN 



30% 




40%~60% UGHT 
HEAT IN RETURN AIR 

90* HOUSING TEMPERATURE 
<APPROXJ 



RETURN AIR 



TOTAL HEAT REGAIN | 20%- 30% 



Figure 4, Return Air Through luminary . 
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The water- cdolefd luminary, shown in (Figure 5, is by 
far tKe mo.st efficient in reducing heat gain. Water coils 
on the back of the luifiijjary carry away about 70% of the 
heat energy produced.*. Another 5%' may fre removed if the 
ta£er-ciooled luminary^is mounted .in a« ceiling that acts as 
a return air plenum, , . 



FLOOR 
ABOVE 



CEILING' 




5% LIGHT HEAT IN RETURN AIR 
70% UGHT HEAT IN WATER 



80 HOUSING TEMPERATURE 
7 . (APPROX.) 



TOTAL w HEATJEfiAfll ▼ 5.* — 



' Figure 5. Water-Coqied Luminary/ 

^ * Wiother advantage of this system is that it does not 
represent a heat;*load oil the .air conditioning 'system. The 
heat energy recovered- fifom the flights -can be usdd to heat 
water. Lowerii*g—khe luminary temperature \also results -in 
increased lighting efficiency (by abput lsV) 

TURNING LIGHTS -OFF "1 , / ' ' 

"The -simplest V- and pft.gn the most effective -^method 
of reduciag* lighting expenditures is .to turn lights' OFF when 
they are not needed. The jifetime ;of incandescent lamps is 
• not greatly af^scted by the number of 'lamp-starts . Thus, 
incandescent lamps should always be turned OFF^when they 



22'J 



PI -08/Page , IS 



A - 

are uot needed, even if they are to be turned back ON in 
•only a few minutes. This practice alone cah save^ a signifi- 
cant portion of residential lighting costs. 
f 

The - lifetime of a fluorescent lamp decreases as the 
average operating time.per lamp start decreases. Lamp life 
is specified at -an -average of three houjs of operation' for 
eacft* lamp start. Figure 6 shows the variations in fluores- 
cent lamp life as a function of hqurs of operation per s£arl!. 



H 240 




1.0 2,0 3.0 4.0 5.0 10.0 
HOURS PER START 



Figure 6. Fluorescent Lamp Life as a Function 
of Running Hours.- 
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Fluorescent lamps fail because the electron-emitting 
coatings of the cathodes are gradually depleted. - This . 



occurs most strongly at lamp 



Turning fluorescent 



lamps OFF for only a minute "or Ttwo does not save much^energy, 
but it does reduce lamp lifetime . It is generally economi- 
cal to turn fluorescents OFF if they are not to be used for 
15 minutes. An off-time of less than 15 minutes will prob- 
ably cost as muchv in shortened lamp life as 'it saves in 
energy costs. 

High-intensity discharge lamps require a warm-up time 
of 1-1/2 to 10 minutes, depending on the lamp type. Some 
HID -lamps require as long as 15 minutes for restart after 
being turned OFF. The lifetime. of such lamps is specified 
at an average of five Hours of operation per lamp start. 
More frequent starting may reduce lamp life by as much as 
one-third.* Thus, HID lamps are not usually turned OFF un- 
less they are to^ remain .OFF for at least half an hour. 

In soipe app^licat ions* light timers that turn certain 
, lights OFF at certain times -may result in a significant 
savings. AnotheY'-popular method is to perform maintenance / 
and cleaning tasks at reduced illumination levels. Several 
control methods may be employed for this. 

Every other luminary in a continuous fluorescent strip 
may be turned OFF, or two of the lamps in each four-lamp 
luminary may be turned OFF. In the latter ;case-, the center 
two bulbs- should be used for reduced illumination for the - 
most efficient 'illumination 

In older installations in which the illumination greatly 
exceeds the necessary level*, a 'procedure called* delamping 
-jifay be used. This consists of simply * removing half of the 
ht^bs from the luminaries » It is an effe ctiv e, me thods of * 
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reducing lighting costs *if done properly.* If *done improp- 
erly, it can be expensive. , > 

Fluorescent lamps are usually wired so thatt one ballas't 
serves two bulbs. , If, one of these . bulbs is removed, the 
other will continue to opejate, but the ballast will' burn 
out in oxfly a few hours", ♦ Thus, delamping o5^f luorescent 
lamps should a\ways be done s\> that both lamps of a ballast 
are removed at one-time. The ballast will continue to con- 
sume power, even, though the lamp is no longer in place. 
Power 'consumption is typically J watts per -tube. A slight 
increase in savings maf be made b^yd^connect ing the, bal- 
lasts from the power line when the lamps are removed. 



USE *0F DAYLIGHT 



/ 



A fenestration is any opening that allows^ligfyt from 
the exterior environment to enter the interior environment. 

.Fenestrat iorts are classified as windows and toplights', da- 
pending on their location. Neither is an energy-efficient 
metfco'd of . illuminat ion for most applications. In cold en- 
vironments, the heat loss, through such openings more than 
offsets the- savings gained infighting. In hotter climates _ 
the heat gain that must be ove-rcome by the air conditioner , , 
.system is mare costly. than even the least efficient elec- 
trical lighting system. Double pane and reflective glass 
reduces such heat flow, but even these measures cannot make 
daylight as economical as artificial light. The most energy- 
efficient* building is one without windows. 

Windows are included in modern structures for psycho- , 
logical and aesthetic purposes. When used, windows should 

"Be designed to reduce or "eliniiriate 'glare. Direct "sunlight 



\ 
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i's usually undesirable. All fenestrations should be fitted 
wittTlight control in the fotfm of blinds, shades, or some 
other . light-blocking device. 



EQUIPMENT MAINTENANCE ' ^ 

A witfl'l -planned Equipment maintenance program is, essen- 
tial* to the efficient operation of any lighting system; In 
the past, most maintenance consisted of changing a bulb when 
it turned, out and maybe wiping, the dust off the luminary 
everynow and then. This is obviously not" a very efficient- 
•procedure. 

The lumen output of all lamps depreciates as the lamp- 
ages. Some lamps have little depreciation. For-other lamps, 
lumen depreciation is a significant problem. The deprecia- 
tion for specific lamp types may be found in Module PI-07, 
"Light Sources.' 1 

' In most cases, -relamping is economical after about 70% 
of the yated lifetime of the lamps. All lamps *in a system 
lire replaced at once, evren though the lamps may have some 
useful life remaining. This maintains the illumination 'at 
the proper level ancf reduces maintenance costs by eliminat- 
ing the need for continuous, spot replacement of lamps. 

" Table 3 gives the approximate time between relamping 
for various sources* This is b ased o n relamping after 70% 
of the rated lifetime, .with an assumed operation of 12 hours 
'continuously per. day .(or about '3,(fl)0 hours" per year). The 
higher maintenance labor costs of incande scent _s.ysi.ems- can 
be seen in Table 3. If operating time per start is high, 
fluorescent s have the longest lifetimes o^any lamp type. 
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TABLE 3. RELAMPING .SCHEDULE. 





Rated Life 


Re lamping Interval 


v Light Source 


(hours) 


.(months) 


Fluorescent 


26,000 


' * 72 


Mercury-vapor 


24,000 


67 


High -pressure sodium 


20,000 


56 


Metal halide 


15,000 4 


. 42 . 








Incandescent 


. 2,000 


6 



The second major maintenance problem to be overcome in 
lighting systems rs the accumulation of dirt and dust on the 
luminaries. Figure* 7 shows the luminary dirt depreciation 
(LDD) curves for a s particular class of luminaries. Specifi- 
cations are * illustrated according to five operating condi- 
tions, ranging from very clean to very dirty. Sucfr^curves 



loo OOj 



Semi direct 
Free lamps 
Bare lamps 
Strip. 




0- 3 .6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 

Months 



Figure 7/ Typical luminary Diri Depreciation Curve, 
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afe available for. all luminary types and are used both in 
the selection 'of luminaries -for particular locations and 
-for establishing maintenance schedules. In clean environ- 
ments with all lamp typek except incandescent s , luminary 
cleaning is required more\£requently than lamp replacement 
for good'system efficiency. 

COST OF ILLUMINATION 

The total qo$t of an illumination system includes the 
initial cost of the installation, the cost of energy to 
operate the system, maintenance and relamping costs, and 
the cost in interest^ on money borrowed to install the sys-, 
tern. A complete analysis o£ lighting budgets is beyond ttfe 
scope of this module. This section discusses basic concepts 
and some simple examples of methods of d&mparing lighting 
costs. * ' . 

INCANDESCENT VERSUS FLUORESCENT 
FOR RESIDENTIAL LIGHTING • 

ft * 

The following example compares the cost of incandescent 
and fluorescent lighting for a residential application. 
Jhis example has been chosen to illustrate the savings of 
fluorescent lighting under the least favorable conditions. 
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EXAMPLE A: INCANDESCENT VERSUS FLUORESCENT LIGHTING. 



Given ; 



Find : 



Solution : 



A residential application requires an ' illumina- 
tion of 4,500 lumens* The average operating 
time per lamp start is 15 minutes. The two 
most efficient light sourcers to be .considered 
are : 

Source A: Three 100-watt incandescent bulbs 
with a rated life of 750 hours and 
an initial total output of 5,250 
lumens.^ (This allows for lumen de- 
preciation.) Bulbs cost $0.78 each. 
Source B: J Two 40 -watt fluorescent ^tubes with 
a rated life of 18,000 hours (with 
3 hours run time per start) and an 
. initial total output of 6,30*0 lumens- 
Including ballasts, the total power 
consumption is 95/5 watts. Tubes 
cost $1.95 each'. 
Assume an electrical rate 'of $.0.'05/.kWh7 The 
lighting system is to be operated for 1,000 - 
hours per ^ear. * • ****lf 

Yearly operating cost (lamps + energy) for'e'ach 
light source ^ r " . 

a. Lamp_ cost per year ... 

4V From Figure 6^ the lifetime of the f lucres- 

* 'cent lamps drop to 45.1 of the rated Xife- 

* time (or ^8,100 hours) because of the fre* 
quency of lamp starts. 

The lamp cost per year for* each source may 
. be determined by multiplying the cost per 
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Example A, Continued. 



lamp, times the number of lamps, times the 
ratio o'f running time per y<ear to lamp life 

Incandescent 
Lamp Cost = (3) ($0.78) ( X> ^g }g ) 



1 



= $3:12/yr, 



Fluorescent 



Lamp Cost = (2) ($1 ■ 95) ( \ | jgO 

= $0.48/yr. 

Incaticescent bulbs cost 6.5 times as much 

in the long run.' 

Energy cost per year ... 

The enei*gy cost per year, may be determined 
by multiplying the energy consumption in 
kilowatts, times ..the hours of "operation in 
one year, times the electrical utility rate 

Incandescent 

En-exgy^-Gost = (0. 300 -kW) (1 ,000) ($0 . 05) 
■ = $15 ..00/yr .' 

Fluorescent ■ . - 

;./ 

Energy Cost = (0.03*5) (1 ,000)*($0. OS) - 
= $4jt78/yr. 

.Incandescent bulbs, cost a little over three 

time.s as much to dperate per 'year.* 
i » 
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Example A. Continued. 

c. Total Cost . . . 

Incandescent Fluorescent 

$18.12/yr. . $5.26/yr. . - 

Fluorescents will save ,$12.86/year over incan- 
descents^or 711 of the cost of incandescent 
. light. Two*40-w&tt fluorescent lamps also pro- 
duce more light than three 100-watt incarides- • - 
cents, are subject to less lumen depreciation, 
and add less heat load to /the space if aijr 
conditioned.. Even under unfavorable conasLtions, 
fluorescents a*e the best buy. 



PAY -BACK COSTING 

f » 

Whenever one lighting system 6 is being replaced by an- 
other more efficient system, the quest iqn^most often asked 
is: How long before the new equipment investment pays for 
itself? Pay.-back costing is a method of comparing Lighting 
systems: The initial cost of the new system is, compared to 
operational cost savings to determine how long it will take 
to recover the investment. Example B illustrates pay-back 
costing. 



L 
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EXAMPLE B: PAY-BACK COSTING. 



Given ; 



Find: 
Solution: 



Light source A of Example A is already in exis- 
tence. Light ^source A is to be, removed and re- 
plated by light sourpe B. The new,,fixture costs 
$36.00 and will cost /lO.OO to install. 
Time required for pay-back of the initial in- 
vestment ? 
Initial investment in light ^source B = $46,00 
Savings per year = $12,86 ^ 

Time for pay-back". = $l2.86/yr = 3 " 5 ^ y ear ^ 

The. system will puy for itself in approximately 
43 months, less than half the expected lifetime 
of the first set of lamps. 



RecalLthat Examples- P\ and B are based, on 100 -watt 
/rncandescent lamp? with goqsl efficacy (for i'ncandescents) 
ind poor operating conditions for f jLuorescents , There are 
tery few situations . in which incandescents are more, econom : 



i\cal than -f luorescents . 



LIFETIME COSTING 



For new installations, or situations where several 
alternatives are available for replacement' of existing in- 
efficient lighting, lifetime costing is* applied. .Lifetime 
costing compares two lighting; systems by determining the 
total lifetime costs for each" system , during its expected 
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life. This method is v applied to most commercial and indus- 
trial lighting . systems ' arid is^illus trated in Example C. 
Since most industrial 1 and- commercial systems are installed 
with borrowed money, the ^interest on the initial cost must 
,be considered. For simplicity in -Example C, the life- 
time of the system is taken to be 1^1 years' and the yearly 
owning, cost (initial cdst plus v interest divided by 10) is 
assumed to be 20% ofipthe'* initial * cost . • 



EXAMPLE 'C: LTFE.TIME COSTING OF ILLUMINATION SYSTEMS . 



Given: 



Find: 



An obsolete incandescent .lighting System is to s 
be replaced with a more energy-efficient system. 
The choice is hetween mental % halide lamps and 
high-pressure* sodium lamps. Both have ^.accept- 
able color characteristics . * The system is to 
be chosen on the basis of fhe minimum* lifetime 
cost. If metal halid§ lamps are used, thirty- - 



Be- 



eight 1,000-watt "lamps WillT be necessary. 

* % • * 

cause of their higher efficacy, ~only twenty- 
eight 1 ,000-watt* high-pres-sure sodium lamps are 
required for the same illumination'. ♦ -(-Ne* : e-s — A~ 
detailed cost analysis pf'each iteirf-will not be 
made in this example .^ The .intentr'is to demon- ^ k 
strate the method-^of lifetime costing, not the 
costs of details^such as individual maintenance 
procedures .or lamp fixtures.) 
Total annual cost af each^system' 
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Cxample C. ^.Continued, 



Solution" 




Number of luninaires 

Net Cost of Luminaires 
Wiring 

Instailat ion m , 
Initiai Lamps. * 
Total In'itial Cost 

Yearly Owning Cost 



System I 

1,000-Watt 
High-Pressure Sodium 

\ 28 
> 7,257!60 
949.20 
. 840.00 
2.318.40 
$li;565.20 

*2, 273. 04 



System II 

1 ,000-Watt 
Metal Halide 

33 

> 6,213.00 
1,242.60 
1,140.00 
. 1,744.20 

$2,067.96 



Sy.stem II represents an initial savings of 
$r,02f5.40 .and a savings of $20'5u08 in yearly- 

* 9 

owning cost, 

< ' \ ' . 

Relanping and Cleaning 

Using group relanping and 6,000 burning hours/year for 10 years. 




stamper of Reo lac" erne itty Periods 

Cos\ per lamp " 4 
\(5roup Cost 
per Relajnpmg 
pludes Cleaning) 
j)er Occurrence 
\ Average Yearly Cost (Cpsf.per 
occurrence number of 4 
occurrences/ 10) 

Snergy Costs * 

Lamps , kW , 

3dliast l.oss, kW 

kW total ' 

kWh * 6 ,000 hx;s/yr. 

Cost 3 3.3c per kWh j 

Total Owning and Operating Costs 

Total Yearly Owning 
Total Yearly Operating 

a. Reiamping (Average) 

b. Energy 

Total Yearly Owning 5 Operiting^ 

Difference , 



System I 



S 32. £0 
2 ,313,40 

140.00 
•2,458.40 



$1,229.20 



28 . 
5.6 

33.6 
201,600. 
57,056 



S 2,273.04 

i,22>r!o 

7,056.00 
$10,353.24 



$2,781. SO 



Svsteia II 



S 45.90 
1,744.20 

140.00 
1,884,20 



$1,695.78 



38 
~ 7.0 * 

45.6 
273,600 
S9.S76 



S 2,067.96 

1,695.78 
9,576.00 
.313,339.74 



System I T -represents an annual savings of 

'$2 ,781.50 and a lifetime savings of $27,8JL5.00 
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SUMMARY 

About 20% of the 'electrical energy consumed in this 
country and 51 of the total energy consumed is used for 
electrical lighting , Thus , more efficient lighting alone 
will do little to improve the energy situation. High in- 
terest in the' efficiencies of lighting systems is a \esult 
of the following factors: , s 

• Lighting is a highly- visible use -of energy and is,, « 
therefore, bound to attract attention, ^ 

; Lighting is one area in which energy may be conserved 
at a substantial saving to the consumer using existing 
technology. 

• The lighting budget is a significant portion of the 
operating costs of most buildings, • 

• Residential lighting systems make high use of low- 
efficiency incandescent sources and, thus, represent" 
the area of greatest lighting energy waste. 

Energy-efficient lighting systems require the use of 
more efficient light sources and luminaries, better utiliza- 
tion of the light produced, reguLar maintenance programs, 
and an integration of the lighting system into the .overall 
energy utilization plan for the facility, J 

The cost of lighting may be calculated on the basils of 
tlie time required for a more efficient, system to pay for 
itself through reduced energy and maintenance costs —lor the 
cost per year — of the lighting, ayeraged over .the lifetime 
of the system. 
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EXERCISES 

« — m 



1. w^te'a paragraph describing how each o£ the following 
factors affects the efficiency and cost of an illumina- 
tion system: " * * 

a; Light control -for task illumination . 

b. Color of walJLs, ceilings, and floors 

c. Dispersion, elements listed in luminajies' 

d. 'Accumulation of dust on luminaries . ' 

e. . • Scheduled group replacement of. lamps 

f. U^e of thermal-coptrolled fluqres.cent luminaries 
/""* g. Use of higher-wattage incandescent>tamps ' 

2. Describe the necessary precautions in del&mping f lucres 
. centMighting systems. Describe what must be done to 

achieve maximum energy savings, 

3. Describe the effect o,f each of the following light 
.sources 'on *he total building heat load: 

a* i Incandescent* lamps /! 

b. Pluorescent lamps mounted in a ceiling that serves 
as a return air. plenum 

> c. Water-copied fluorescent luminaries 

d. Use of daylight 'to reduce lighting costs 

4. Draw a bar chayt showing the maximum efficacies of 
six most commonly used light sources. 

5. Describe factors that affect when the following light 
sources" should be turned OFF for maximum^ savings: * 
a. Incandescent lamps^ * 
B. Fluorescent lairfps 

c, HID latnps / # 
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Rework*»Examples-T^V^nd^E7wi^i an average running time 

^a.*\ 1 hour per lamp start. V. — ^ 

b. 3 hours per l^amp st^rt. ' * - - * 

c. -10 "hours of lamp start- * 
Dsing the cost data given" in Example A, determine the 
energy cost, to run the following laaips for their rated 

.lifetimes. 'Compare this figure to the lamp costs. 

a . 100-watt incandescent ^ * 

b. 40-watt fluorescent 

Assume an electrical energy cost of $0/05/ ( kWh ^nd a 10- 
year system lifetime. "Calculate the lifetime costs of 
the following illumination systems % Assume that each 
system is installed^with borrowed 'money, "and that'la-c-h 
system is, operated for 2, 500 hours per year. -Lamps are 
replaced at 701 of their lifetime . , 
a. Incandescent system consisting K of twenty 100-watt 
lamps with an average life of J50 hours 1 . Initial " 
syst,em cost = $210. Replacement' lamps cost $0.7-8 
each/ Labor' cost is $10 for each relamping. 
' b. Fluorescent' system consisting Of twelve 40-watt 

lamps with an average life of 18,*00fl hours. (Each 
laijip and ballast consumes 47.75 watts.)' Initial 
system cost = $350 . Replacement lamps cost $1^.80 
each. Labor cost is $10 for each relamping. 



-\ LABORATORY MATERIALS L ( " 



,. IES tables o£ recommended levels o£ illumination 
, Footcandle meter 
Illumination system to be evaluated 
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'laboratory procedures 



The 'purpose of this laboratory exercise is to evaluate 
the efficiency of an' illumination system and estimate the 
annual cost of the system. Any system can be used, but the 
lighting in the classroom or laboratory *is suggested. 

V 

1^ Describe the system to be examined in the Data Table. 



"Enter~3"rr available data "on™ operating Hours 7 lamp cost, 
electricity cost, and lamp lifetime. Estimate the values 
that are not available based on lamp characteristics. 

2. Consult the IES tables to determine the recommended 
level of illumination for the visual tasks and enter 
this figure in the Data Table. 

3. Measure the illumination level at various points in the 
area. Ejiter the illumination on the task and the illu- 
mination of surrounding areas in the Data Tabl^e. , , 

4. Complete the necessary calculations to determine the- 
approximate annual operating cost of the system. Do 
not inclu4e the' labor costs of maintenance. 

5. Examine the system for inefficiencies. List suggestions 
for ^increasing system, efficiency in the Data Table. 

,6. Write a report on the efficiency of the system. Include 
the 'annual cost of the system, suggestions for improved 
efficiency, and the estimated savings that will result. 
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DATA TABLE 



■ DATA TABLE 
Description of system: , 



r 

J 

Recommended level of illumination: , '_ 

Measured levfels 8 of illumination: 

on task: 

surrounding areas: ^ 

Lamp type: . • 

Number of lamps : 

Total wattage of lamps and ballasts : 

Annual operating time: \ „ 

Lamp lifetime: [ 

Replacement lamp cost: ; - 

Electrical eiuwr^y rate: 

Electrical energy cost per year: 

Lamp replacement cpst per y^ar: 

Total system cost per year: 

Suggestions for increased ^efficiency: 
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TEST 



Please circle the appropriate answer. 

1. ' Illumination systems use what percentage of the elec- 

trical energy produced in this country each year? 

b. 5% 
i c. ?0% ' 

d. 251 

e. *^oi^' . X 

2. Which of the following practices is le.ast likely to 
result in an pverall energy saving? 

a. Delamping fluorescent luminaries 

b. : Using natural daylight fof illumination 

c. Replacing incandescent l^mps with fluorescent lamps 

d. Leaving " fluorescent lamps ON if the area is un- 
occupied fore 30 .minutes*. 

e. Designing systems for task illumination*. 

3. Fluorescent _ lamps* have a maximum efficacy of . . . 
a. 23 lumens/watt. 

..b. SO lumens/watt. v 
' c. 80 lumens/watt . v 

d. 120 lumens/ waft . 

e. 180 lumens/watt. v 

4. The cost of 'energy to operate a fluorescent lamp for 
its rated lifetime is usually ... 

a. slightly less than the lamp Cost. 

b. slightly greater than the lamp cost. 

c. 20 to 30 times t,he lamp cost. 

d. dver 100 times the lamp cost. ^ 

e. about 1,000 times the lamp cost.* 
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The use of water-cooled luminaries for fluorescent 
lamps results in a large ovefall energy savings be- 
cause . : . 

a. less heat must be removed by the air .conditioning 



water. 

c. they result. in improved lamp efficacy. 

d. All of the above are correct. 

e. Only a and b are correct. 

The lifetime of which of the following lamps i£ not 
affected by freqiient starting? 



a. Incancescent * 

b. Fluorescent 

c . Mercury-vapor _ 

d. High-pressure sodium vapor § J 

e. Both a and d are correct. 

The most cost-effective maintenance programs for light- 
ing systems must include . .. 

a. periodic cleaning of, luminaries . 

b. periodic replacement of all lamps as a. group. 

c. spot replacement of only those lamps that are 
burned out . 

d. Both a and b are correct. 

e. Both a and c are correct. 

The' lamp with the longest rated lifetime £or long 
periods of operation per lamp start is the ... 

a. high-pressure sodium lamp. 

b. metal halide lamp. 

A 

c. mercury-vapor lamp. 

d. fluorescent lamp. 

e . incandescent lamp . 




system. 



heat from the lamps can be used to heat 



The method of calculating the cost of illumination for. 
most industrial systems is the . .. 

a. ''lifetime costing, method, 

b. p,ay-back costing method. * 

c. energy, utilization costing method. 

d. * .system maintenance costing method, 

e. None of the above are correct. 

If a lamp consumes 1,0 00 watts <Jf power af 3,. 5<t/kWh 
jand its rated life is 18,000 hours, the cost of operat 
ing the l^fip for its rated life is 

$6.30. . . 

0 * \ 

b . $63 . ^ 

c. $630f 

d. $6% 300. 

e. $63,000. 
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